Western Michigan University

ScholarWorks at WMU
Dissertations

Graduate College

12-2018

Development and Characterization of Nano Nickel-Based
Conductive Inks for Flexographic Printing of Electronics and New
Interpretations of Surface Energies of Solids
Bilge Nazli Altay
Western Michigan University, bilgenazli@gmail.com

Follow this and additional works at: https://scholarworks.wmich.edu/dissertations
Part of the Electronic Devices and Semiconductor Manufacturing Commons

Recommended Citation
Altay, Bilge Nazli, "Development and Characterization of Nano Nickel-Based Conductive Inks for
Flexographic Printing of Electronics and New Interpretations of Surface Energies of Solids" (2018).
Dissertations. 3345.
https://scholarworks.wmich.edu/dissertations/3345

This Dissertation-Open Access is brought to you for free
and open access by the Graduate College at
ScholarWorks at WMU. It has been accepted for inclusion
in Dissertations by an authorized administrator of
ScholarWorks at WMU. For more information, please
contact wmu-scholarworks@wmich.edu.

DEVELOPMENT AND CHARACTERIZATION OF NANO NICKEL-BASED
CONDUCTIVE INKS FOR FLEXOGRAPHIC PRINTING
OF ELECTRONICS AND NEW INTERPRETATIONS
OF SURFACE ENERGIES OF SOLIDS

by
Bilge Nazli Altay

A dissertation submitted to the Graduate College
in partial fulfillment of the requirements
for the degree of Doctor of Philosophy
Chemical and Paper Engineering
Western Michigan University
December 2018

Doctoral Committee:
Alexandra Pekarovicova, Ph.D., Chair
Paul Dan Fleming, Ph.D.
Xiaoying Rong, Ph.D.
Veronika Husovska, Ph.D.

Copyright by
Bilge Nazli Altay
2018

DEDICATION

“Glory be to You,
we have no knowledge except what You have taught us.
Verily, it is You, the All-Knower, the All-Wise.”
Al-Qur’an al-Kareem - 2/32

DEVELOPMENT AND CHARACTERIZATION OF NANO NICKEL-BASED
CONDUCTIVE INKS FOR FLEXOGRAPHIC PRINTING
OF ELECTRONICS AND NEW INTERPRETATIONS
OF SURFACE ENERGIES OF SOLIDS
Bilge Nazli Altay, Ph.D.
Western Michigan University, 2018

Traditional printing technologies and conductive/functional inks have been integrated to
print electronic devices and circuits on really thin, lightweight and flexible materials in a time and
cost-effective manner. Printing is an additive manufacturing technology, which selectively
deposits materials only where needed to produce a wide range of devices including sensors, smart
packaging, solar panels, batteries, light sources and wearable electronics. Therefore, it greatly
reduces the number of required steps for manufacturing as well as the amount of waste generated
relative to conventional electronic manufacturing. However, the process requirements and ink
formulations to print electronics differ from graphic printing; therefore, the fundamentals and new
functional ink formulations have to be rediscovered to optimize manufacturing techniques and to
address cost reduction methods without compromising the functional performance. To achieve
these purposes, a) a prototype thermoplastic-based nickel ink to print electrodes using a screen
printing process was explored, b) optimum photonic sintering/drying conditions for nickel ink was
investigated, and c) an alternative conductive ink for flexography printing was developed and the
effect of calendering on the electrical performance was investigated. Process fundamentals were
explored, and cost reduction methods were addressed by studying the effect of substrate roughness,

print direction and number of ink layers on the electrical performance of printed nickel ink.
Multilayered electrodes were printed on paper and heat stabilized engineered film. A novel
fundamental mechanism was found that explains the effect of substrate roughness on ink film
roughness in screen printing, including the screen mesh wire roughness measurement, that is
reported for the first time.
In addition, the interfaces between solid and liquids makes possible understanding of
physical phenomenon of wettability, solubility, surface contamination, adsorption, absorptivity, or
poor adhesion and bonding, which are linked to surface free energy of solid surfaces. There are
numerous theoretical semi-empirical models for the surface free energy estimation; however, the
widely-used Owens-Wendt theoretical model makes use of a series of test liquids and their contact
angle on solids to estimate surface free energy of solids. Using different liquids and their known
surface tension values, the model generates significantly different surface free energy values for
the same substrate. A general thermodynamic inequality relating the three interfacial tensions in a
three-phase equilibrium system exists in the literature. The Owens-Wendt method seldom
conforms to this inequality. In this study, an interpretation of solid surfaces is presented based on
physical considerations and the laws of thermodynamics, which is found to always satisfy the
thermodynamic inequality with better than a 95% confidence limit.
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CHAPTER I
INTRODUCTION

1.1. Introduction to Printed Electronics

When tens of millions of copies are needed, such as magazines (i.e. National Geographic,
IKEA catalog), books, newspapers, packaging (i.e. cereal boxes, M&M’s candies, cosmetics), or
specialty items (i.e. furniture, flooring), printing technologies are the method of manufacturing [16]. In recent years, due to the utilization of functional materials and advancements in technology,
printing processes have become a novel method also to manufacture cutting-edge electronics in a
time and cost-effective manner [7]. Developments in this field have been published not only using
the term of printed electronics, but also many other alternative terms that are listed in Table 1-1.
In a broad sense, printed electronics is based on the combination of functional materials
applied on thin, flexible and/or large substrates cost effectively, with a high-volume deposition
patterning technique to manufacture fully printed or partially printed electronic devices [8,9].
Patterning techniques include traditional/conventional printing systems (flexography, gravure,
screen printing, offset lithography), non-impact printing systems (digital printing, 3D printing),
non-printing methods (i.e. liquid dispensing, aerosol jet) and coating methods (rod, blade, air knife
metering). These techniques allow sheet-to-sheet or roll-to-roll [10] mass production of electronics
having light weight [11,12] and flexible characteristics, such as bendable, rollable [13,14] or
elastically stretchable nature [15].
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Table 1-1. Alternative terms for printed electronics
Functional printing [16-18]
Flexible electronics [22-24]
Paper electronics [28-30]
Organic electronics [34-36]
Solution process electronics [40-42]
Thin film electronics [46-48]
Bendable electronics [52-54]
Stretchable electronics [58-60]
Washable electronis [64,65]
Power electronics [69-71]

Wearable electronics [19-21]
Plastic electronics [25-27]
Large area electronics [31-33]
Smart packaging [37-39]
R2R (roll-to-roll) printed electronics [43-45]
Elastic electronics [49-51]
3D printed electronics [55-57]
Conformable electronics [61-63]
Smart clothing [66-68]
High resolution printing [72]

Traditional electronic manufacturing techniques (also called subtractive method) have poor
compatibility with flexible substrates and require multiple production steps [73]. Figure 1-1
illustrates the representative steps of subtractive method of manufacturing a functional material
layer, for instance a copper layer for circuitry production. First, a functional layer must be
deposited, typically through a chemical vapor or physical vapor process. Then, a photoresist layer
is deposited and goes through exposing, developing and curing processes. Next, some harsh
etching chemicals must be used to remove the photoresist layer and the unwanted metal that is not
covered by the photoresist. The last step is striping the resist material and cleaning all the residues
away. These entire manufacturing processes are highly time consuming, costly and inherently
wasteful [74,75].
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Figure 1-1. Schematics of subtractive manufacturing of electronics
Printing, on the other hand, has received immense attention due to the additive nature of
the manufacturing (Figure 1-2). During printing, functional materials (or so called
conductive/smart inks) can be selectively deposited only where they are needed by using printing
plates or by print heads in the case of digital printing, such as inkjet, 3D printing and aerosol,
among others [10]. This greatly reduces the number of manufacturing steps as well as the amount
of waste generated, and therefore may enable elimination of high vacuum photolithography for
numerous applications [74]. Utilizing printing would also enables new, low cost, flexible
applications. However, it would not entirely replace traditional electronic manufacturing [76,77].

Figure 1-2. Schematics of additive manufacturing of electronics
3

1.1.1. Market Forecasts
Printed electronics market has been researched by various industry associations, global
organizations and consulting companies. Each organization foresights different market size
estimations since printed electronics is still an emerging technology. According to the report
published by IHS Technology, the expected growth is at a compound annual growth rate of 47%
and it will reach $24.3 billion by 2020 [78]. IDTechEx estimates $77.3 billion market size in 2029
[79]. Organic Electronics Association, on the other hand, estimates the size as $34 billion by 2018
and $73.4 billion by 2027 [80]. Industry ARC and NanoMarkets expects the growth reaching $75
billion in 2022 and $16.7 billion in 2019, respectively [81,82]. Apart from the fact that the
estimations differ significantly, the main point of all is that the expectation from the printed
electronics industry is high and the application potentials are worth our attention.
1.1.2. Functional Pigments for Printed Electronics
Thin, homogeneous ink layers that have pigment particles in nano or micron range with
functional properties (i.e. conductivity, resistivity and/or magnetism) are the essential part of the
printed electronics manufacturing [83-91]. Functional pigments enable fabricating electronics that
have shapes predefined by the device layout [92] on flexible substrates, such as papers, films,
textiles and metals, among others [93]. Applying by nano scale in pigment size increases surface
area in the same volume (or weight), thus allowing to obtain unusual material properties relative
to their bulk form. For instance, the optical property of gold starts to change below 80 nm, while
the chemical properties start to change below 3 nm. Cadmium selenide, a semi conductive material,
has a red color at 6 nm, while it is green at 3 nm particle size [94]. Not only pigment particle size,
the particle shape (i.e. spherical, flake, platelet, nanotubes, etc.) also effects the functionality, such
as electrical performance of conductive traces [95].
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Dr. Richard P. Feynman was the first scientist who drew attention on manipulating and
controlling things at smaller scales in his talk titled “There is Plenty of Room at the Bottom” in
1959 [96]. The manufacturing of nano materials required special devices for visual examination.
Technology by Professor Norio Taniguchi visualized nano particles for the first time in 1974. Then
several different tools emerged that allowed observing substances at nano scale, such as atomic
force microscopy (AFM), scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), among others [97]. The term nanotechnology was used for the first time in
Professor Taniguchi’s research on ultra-precise manufacturing processes [97].
Nanotechnology is divided into subgroups including carbon nanostructures, metal
nanoparticles (such as gold, silver, palladium, platinum, magnesium, cobalt, nickel, copper, etc.),
nano ceramics (metal oxides by chemical nature such as iron oxides, manganese oxides, titanium
dioxide, copper oxide, zinc oxide, nickel oxide, etc.), dendrimers (nano sized polymers) and
quantum dots (nanocrystals made of semiconductor materials, such as cadmium selenide or
gallium arsenide) [98,99]. Top-down and bottom-up are the two broad strategies for creating
particles in nano range. Among the top-down methods (Figure 1-3), ball milling has a common
use in many ink laboratories to obtain micron size pigment particles. To make nano particles,
pigments need to be further disintegrated using special micron sized media mills. The generation
of submicron particles (<100 nm) is possible when milling media of 100 microns and below are
used [100,101]. Bottom-up approaches start with small components like atoms and molecules and
then they are assembled, usually by chemical methods, into structures that are nanometers in size.
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Figure 1-3. Illustration demonstrating methods of preparing nano particles
Table 1-2 represents some of the nanoparticle functional pigments and polymers that are
frequently used in functional ink formulations. Basic components of an ink include functional
pigments, vehicle and additives. Pigments are used in the formulation to deliver the functionality;
binders, or resins (polymers) used for the adhesion of pigments and additives are used for the
supplementary properties, such as stability, plasticizing, wetting, and defoaming; resins and
solvents along with additives create vehicle. Vehicle, (the ink base) is used for transferring ink
onto substrates during printing. The use of additives and binders preferably should be as minimal
as possible in functional ink formulations due to their negative effect on the functional properties
of pigments.
In general, ink types are categorized according to their vehicle component, such as waterbased, solvent-based, oil-based and UV/EB-curable. Solvent-based inks often contain a volatile
organic compounds (VOC’s) that raises environmental concerns. Water-based inks may also
contain fractional amounts of VOCs, although they are virtually nonflammable, therefore easier to
use and store than solvent based inks [102]. Low evaporation rate of water-based inks allows them
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to be more stable on the press without drying, enabling constant viscosity in the ink fountain and
doctor blade chamber.
Table 1-2. Common functional components used in functional inks
Conductors
Carbon [103]
Copper [106,107]
Aluminum [109]
Indium tin oxide [113]
Graphene [115]
PEDOT:PSS [117]
Iron [120]

Silver [104-106]
Gold [108]
Nickel [110-112]
Tin (solder) [114]
Graphene oxide [116]
Polyaniline [118,119]
Graphite [121]

Semi-conductors
Zinc oxide [122]
Indium–gallium–zinc oxide [123]
Silicon [124]
Cadmium selenide [125]
Zinc selenide [84]
Gallium arsenide [126]
Dielectrics
Aluminum oxide [127]
Spin-on-glass [128]
Hafnium dioxide [84]
Parylene [129]
Poly(4-vinylphenol) [130]
Solid electrolytes [84]
Poly(methylmethacrylate) [131]
Ion gels [132]
Poly(phenylene oxide) [133]
Barium titanate [134]
1.1.3. Printing Technologies
Printing technologies can be categorized into two main section, titled conventional and
digital (non-impact) (Figure 1-4) [135]. While conventional systems require an intermediate plate
(aka image carrier) to transfer a design to substrates; digital systems can print directly on substrates
without using an external printing plate. Depending on the amount of printed product needed for
the production (called impressions) and substrate type, one can decide which printing technology
to use for the manufacturing. A rough comparison of common printing methods is presented in
Figure 1-5 based on the number of impressions as a function of profitability. When a design copy
is needed in millions, gravure printing would be the choice of printing since its chromium coated
cylinders can withstand such long print run impressions without wearing. If hundreds of copies
7

are needed, then digital systems would be the economical choice. Nowadays, new inkjet presses
engineered for high speed and larger/wider substrate size (B1 and B2 paper (~28 x 40 and ~20 x
28 in., respectively)) are entering the market because of the collaboration between the digital and
offset press manufactures [136]. The collaborating companies: i) Landa and Konica Minolta, ii)
Ricoh and Heidelberg, iii) R. R. Donnelley and KB&A as well as separate companies such as
Kodak, HP, Xerox, Fujifilm and Memjet are manufacturing digital presses that are filling the
historical gap between the digital and offset litho printing (presented as new inkjet systems in
Figure 1-5) where the choice of printing system for profitability is always a big concern.
Printing Technologies
Conventional

Non-impact / Digital

(with a master / plate)

(masterless / no plate)

Screen

Flexography

Gravure

Lithography

Offset

Waterless offset

Electrophotography

Ionography

Magnetography

Photography

Inkjet

Thermography

Sublimation

Transfer

Continuous

Drop-on-demand

Figure 1-4. The main printing technologies

Figure 1-5. Choice of printing method versus impression need (modified) [137]
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Among the printing technologies, flexography is the common method in North America
(75%) and South America (82%) for flexible packaging applications (Figure 1-6), but only 10%
in Asia [138]. Other sources cite that flexography is used 92% for packaging applications, and the
remaining 8% includes applications such as security printing, pharmaceuticals packaging and
printed electronics worldwide [138].
Flexography is a relief printing method that has raised sections on the plate for transferring
the ink to form images on substrates. There are four main elements in a flexography printing unit
called ink pan, anilox roller, doctor blade and plate cylinder. Figure 1-7 shows an oversimplified
schematic of the main elements [135]. The anilox roller controls the amount of ink transfer (doctor
blade scraps the excess ink) between the ink pan and a photopolymer plate through engraved cells
which can be shaped with different cell geometries and volumes (Figure 1-8) [83, 135]. The ability
to vary anilox cell shape, size and volume helps controlling the amount of ink without changing
the plate is the main advantage of flexography printing [135]. Although deciding the right anilox
roller involves compromises [139], the best ratio for the best ink transfer is reported as 1 to 9
between the anilox cell width (cell opening – labeled as “b” in Figure 1-8(a)) and the width of
cell at its lowest point (labeled as “c” in Figure 1-8 (a) (b/c=1/9)) [135].
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Figure 1-6. Choice of printing method in the world for flexible packaging

Figure 1-7. Schematics of a flexography printing unit
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c)

Figure 1-8. (a) Typical cell geometry [135], (b) surface of ceramic anilox roller [135],
(c) different cell geometries: pyramid; frustrum; frustrum-steep franks; spherical cap; spherical
cap-pointed and u-shape, respectively
The number of cells per inch (cpi) is the common parameter of anilox rollers and varies
between 120 to 2000 cpi [140]. In general, higher cpi values are used to print four-color jobs and
detailed designs versus lower cpi values for solid areas. For quality printing, it is important to
choose an anilox roller with a cell opening size three times bigger than the ink pigment particle
size, so the pigment does not get lodged in the cell. For instance, an ink with 23 µm particle size
would require 69 µm cell opening (23 x 3=69 µm). According to Figure 1-9 [140], 360 cpi roller
has 65 µm openings. This opening would work fine, although the cell wall of 5 µm (as presented
in the chart) can also be incorporated into the calculations. Required opening is 69 µm, adding 5
µm cell wall equals to 74 µm in total. The calculation of cell count (the total number of cells) per
inch, as 25400 µm/74 µm = ~343.3, suggests using an anilox roller of 340 cpi (or 300 cpi from the
chart). The second common parameter for the anilox roller is cell volume in BCM (billions of
cubic microns). Although the unit has a common usage, it is a metric unit and does not include the
expression the fact that it is per square inch (cpi). The more rational unit is cm3/m2 (=ml/m2) and
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is equivalent to µm. For instance, considering 50:50 ink split [141], a cell volume of 4 cm3/m2 (4
µm in thickness) ink would get transferred to the plate as 2 µm in thickness and a further 50:50 ink
split from plate to substrate would transfer 1µm ink film thickness on a substrate.

Figure 1-9. Harper digital volume chart for anilox rollers [140]
In terms of printing electronics, flexography used to be known to have high line gain
(feature gain) and inability to hold fine lines (fine features). The improvements in recent years in
plate making technology and the newer, thinner photopolymer plate materials enable flexography
to hold fine lines down to 5 µm benefiting from the 10,000-dpi high resolution imaging capability
[142,143]. Other than resolution, the quality of fine lines also depends on the ability of ink leveling
onto a substrate, and therefore depends on ink rheology, surface tension of inks as well as surface
energy of substrates. Typically, flexography printing ink requires low efflux time (a measurement
of ink viscosity by efflux cup) ranging from 18 to 25 seconds (measured on a Zahn No. 2 cup) [144]
and surface tension in between 20-40 mN/m depending on the substrate to be printed [83].
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1.1.4. Substrates
Printing technologies can print on a wide range of substrates. Usually, the substrate choice
depends on end-use of products. If the purpose is to protect a product from potential damages of
transportation, one may decide to use thick materials such as cardboard or corrugated boards. If
the product weight must be less in order to lower the transportation cost, then light-weight, thinner
paper or film grades would be the choice for printing. As the end use application affects the
decision for substrates, the substrate and printing method affect the decision for the ink type. The
inks used for paper printing may not be compatible to print on plastic films and vice versa.
Likewise, the oil-based inks manufactured for offset printing are not compatible for use on a
gravure press.
Substrates such as papers [12], metals [145], flexible glass [150], textiles [19] and plastic
films (i.e. PET: polyethylene terephthalate, PEN: polyethylene naphthalate, PI: polyimide) [93]
have been given significant consideration for printing of flexible electronics [146,147]. Substrates
can act as a base material to mechanically support and electrically connect electronic components,
such as circuit board [148,149]; as a top material for touch panel, display and lighting applications
[12,150] and serve as an interlayer material in lithium-ion batteries as separator membranes [151].
Optical, mechanical, thermal, chemical, electrical and magnetic properties of substrates as well as
surface topography (roughness) can be engineered/manipulated depending on the application. The
engineering need comes from the fact that substrate properties affect electrical, optical, mechanical
and magnetic properties of the functional layers [152] as well as economics. For instance, thermal
mechanical stability of films is an important property and describes the dimensional stability.
Shrinkage test can be used to determine the stability by placing a film in a heated oven for a given
time at a given temperature. Then, the shrinkage can be calculated as the percent change in

13

dimension of the film before and after the heating process. The same property can be discussed in
the context of printed electronics as the high temperature applied during sintering processes can
cause substrate deformation and leads to an uneven surface that triggers breaks and shortages in
the circuitry or changes in the functionality. Thermal mechanical properties are also important for
the precise registration of stacking functional layers upon each other during printing to create the
electronic component. High surface smoothness is reported to be preferable for electronic printing,
as uneven surface (with peaks and valleys) and surface defects are detrimental to the performance
of single and overlaying/multi-layers. Surface defects can create pinholes that blocks electron flow
in circuitry [93]. Some other substrate properties are listed in Table 1-3 for the comparison of three
different materials having the same 100 µm thickness for flexible backplanes applications (glass,
plastic films (PEN and PI) and stainless steel) [15].
Table 1-3. Comparison for substrate properties for flexible backplanes application (modified)
Property
Thickness
Weight
Safe bending radius
R2R processable
Transparency
Maximum process temperature
Coefficient thermal expansion
Elastic modulus
Permeable to oxygen, water vapor
Coefficient of hydrolytic expansion
Electrical conductivity
Thermal conductivity
Deform after fabrication

Unit
µm
g/m2
cm
ºC
ppm/ ºC
GPa
ppm/RH%
W/m·ºC
-
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Glass
100
250
40
Unlikely
Yes
600
4
70
No
None
None
1
No

Plastics
100
120
4
Yes
Yes/Some
180 – 300
16
5
Yes
11
None
0.1 – 0.2
Yes

Stainless steel
100
800
4
Yes
No
1000
10
200
No
None
High
16
No

1.1.5. Sintering Methods: Post-Printing Processes
Metal and ceramic pigment particles may require a sintering process after they are printed
on a substrate for the electronics application. Sintering forms connectivity in particles, a solid
structure, so the printed ink conducts electricity. The neck forming phenomenon takes place during
the process, causing pigment particles to bridge (Figure 1-10) [153,154].

Figure 1-10. Schematics of the sintering process
This phenomenon impacts structure properties and performance of the functional layer.
Connectivity between particles can be accomplished by means of one or multiple processes;
drying, curing, sintering, reactive chemistry transformations and annealing. Curing includes
heating to volatilize ink vehicle components. This allows the particles to contact each other.
Sintering, on the other hand, is the process of particle grain growing that takes place during burning
resins, which hinder particles contact. It impacts the material structure as the ink particles change
their grain. Again, this impacts the conductivity as the ink layer becomes more interconnected
upon formation of particle bridges and removal of solvents and resins. Sintering procedures require
adjustments depending on the chemical composition, particle size and shape, particle size
distribution and degree of agglomeration of the functional layer. Varying sintering parameters,
such as sintering temperature, processing time, or the atmosphere (ambient vs. controlled), causes
variation in the performance of the same material. Thus, specific optimization is needed to achieve
the best functionality.
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The main types of sintering methods are microwave heating, electrical, spark plasma, laser
and photonic sintering [106,107,155]. Among these, photonic sintering can be adapted to the rollto-roll form since the processing happens in milliseconds [156-158]. The system uses a pulsed
light from a flash lamp for the high temperature thermal processing of thin films using a xenon
strobe on substrates. The main advantage of pulsed light process is that the functional layers can
be sintered rapidly without significantly raising the temperature of the substrate [158].

1.2. Motivation for Research
Manufacturing electronics using printing technologies shows high potential as a novel
method in a wide variety of applications, such as circuit pattern formation, sensors, transistors,
solar cells, photovoltaics and displays among others [159-162]. The key to the success of achieving
workable/functioning products mostly depends on the formulation of functional inks [163,164].
Estimated market forecasts for the printed electronics applications are massive [78-82], yet the
varieties in functional ink formulations are limited. Currently, silver and gold-based inks provide
the highest conductivity, however their high cost is a disadvantage. Copper-based ink is also a
common ink for conductors and is more economical, yet it is inclined to corrosion and oxidation
[107]. Considering the above mentioned reasons, alternative ink formulations are needed to favor
functional ink variety and research as well as to pioneer new product developments
[110,115,122,165,166]. Discovering essential printing fundamentals is also needed once again for
the optimization of manufacturing processes and for the methods of cost reductions, although this
time for the case of electronics.
The author has been motivated to explore functional performance of nickel nanoparticles
in flexographic ink formulation to increase the knowledge, understanding of process fundamentals
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and practical implications. Nickel is a compelling material due to its electrical and thermal
conductivity, mechanical strength, resistance to oxidation and corrosion, higher temperature
coefficient of resistance, and especially magnetic behavior that cannot be replaced by the other
common conductive inks. Currently, nickel-based inks for screen printing are commercially
available. However, nickel inks for inkjet and aerosol jet printing are newly-introduced to the
market. Studies of any commercial product related to flexography printing of nickel ink have not
yet been reported.

1.3. Objectives of the Research
The first stage of this research is to explore an existing nickel ink to gain considerable
amount of know-how and maximize the learning from the past, and to find out relevant technical
data to use as a comparison in further studies (Chapter 3). The second stage is to investigate
optimum photonic sintering conditions (Chapter 4). The third stage is to formulate an alternative
functional nickel ink for flexography printing by using nanoparticles and explore its printability
and to investigate the effect of calendering on electrical performance of printed nickel ink (Chapter
5). The fourth stage is to review common practices in literature for the interactions relating three
interfacial tensions in a 3-phase equilibrium system between the substrate surfaces energy and
liquid surface tensions. After the review, the new interpretations for surface energy estimation of
solid surfaces is introduced to improve the accuracy of the estimation. The findings in this stage
further advanced the knowledge in the surface chemistry field (Chapter 6). In addition to these
efforts, Chapter 1 serves as an introduction to the printed electronics field; Chapter 2 provides
literature review of nickel pigment particles, nickel’s place in the ink market and the usage of
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flexography printing in the printed electronics field. Chapter 7 concludes the overall research
findings and suggests studies for future work.

1.4. Author’s Contribution
The author’s contribution to research, academia and industry while associated with
Western Michigan University (WMU) includes 16 peer-reviewed publications, 13 national and
international conferences, 5 posters sessions and 4 white papers for industry.
The author was awarded Technical Writing Award by Gravure Association of the America
in 2018; Artwork Publication Award in Journal of Color Research and Application – Munsell
Centennial Special Edition by The Inter-Society Color Council and The International Colour
Association in 2018; Dusty Rhodes Graduate Student Paper Award by Technical Association of
the Graphic Arts in 2018; the prestigious Dissertation Completion Fellowship by WMU Graduate
College, WMU for 2017 – 2018; Make a Difference Award by Graduate Student Association,
WMU in 2017; Graduate Research and Creative Scholars Award by Graduate College, WMU in
2017; Graduate Ambassador of the Year – Dean’s Award by Graduate College, WMU in 2016;
Graduate Teaching Effectiveness Award by Graduate College, WMU in 2016, Rossini Research
Competition Award by the Flexographic Technical Association in 2015 and Graduate Teaching
Effectiveness Award by Graduate College, WMU in 2014.
The author served as a reviewer to the Journal of Colloid and Interface Science and The
Hilltop Review: A Journal of Western Michigan University Graduate Student Research.
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CHAPTER II
LITERATURE REVIEW

2.1. Nickel Pigment Particles
Nickel (Ni) is one of the most abundant metal elements that occurs naturally on earth [1,2].
As a bulk material, Ni is a silvery-white, hard material that is ferromagnetic at 20 °C room
temperature. It shows high ductility, high strength, high resistance to oxidation and corrosion,
catalytic properties and both thermal and electrical conductivity [3,4]. Although bulk Ni oxide is
known as a p-type semiconducting material with a wide band gap [2], it could be used as a
magnetic semiconductor or dielectric. In Table 2-1, the main properties of nickel are listed [3-6].
Table 2-1. Basic properties of Nickel
Element category
Atomic number
Atomic mass
Density
Melting point
Boiling point
Specific heat capacity
Thermal conductivity
Coefficient of linear expansion
Specific electrical resistance
Magnetic
Young’s modulus of elasticity
Tensile strength
Hardness
Coefficient of friction (on Ni in air)

Transition metal
28
58.69 g/mol-1
8.908 g/cm-3 at 20 °C
1455 °C (bulk nickel oxide 1955°C[3])
2913 °C
460 J/kg°C
60.7 W/m°C
13.1 x 10-6 /°C
6.99 x 10-8 Ωm (1.43 x 107 S/m)
Ferromagnetic (to 357°C)
207 GPa
45 MPa (annealed)
75 HV (annealed)
0.50
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Ni nano particles are usually spherical in shape, but different size, size distribution and
morphologies can be obtained by changing the parameters of the chemical reaction process, such
as temperature, reaction time and reactants concentration [5]. Increasing reaction time, for
instance, was found to increase particle size [4]. Altering the type of surfactant, the ratio of
chemicals and nickel is also found to change the particle size [7]. The purity, structure, size and
shape of the particles is cited as affecting the device performance [4]. Some of the Ni particle
shapes found in the literature are spherical [8], sea urchin-like [9], tetragonal [10], hexagonal closepacked [11], conical nanorods [12], triangular and hexagonal nanosheets [13], nanochain [14] and
flower-like [15,16], bowl-like [17], nanocubes [7], nanowires [18], nanobelts [19], wool-like, facecentered cubic [11,20] and sword-like petal particles [15]. The permanent magnetic property of Ni
nanoparticles is also found to vary depending on the particle size, usually in a non-linear manner
[4].
Despite its versatile properties, Ni is a cost-effective material in comparison to common
precious conductive metals such as silver, gold and palladium [21,22], thus it can enable cost
reduction for certain printed electronics applications. Typically, Ni is used for multilayer ceramic
capacitors [22], temperature detectors and ultrasonic transducers [23], magnetic devices [24],
electrodes for supercapacitors, conductive interconnects for flexible electronic devices [25], as a
current collector layer in printed energy storage devices to enhance the use of stored power and to
reduce overall energy consumption [26]. Other applications found in the literature are touchscreen
panels [2]; sensing applications [5]; optical trapping and magnetic storage [27]; conducting paints
and magnetic fluid [20,27]; optoelectronics, plasmonic nanoantennae [28]; as light absorbing layer
in electromagnetic-wave shielding and light transmitting plates [29], solar photovoltaic cells
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[30,31]; thermocouple devices [32]; electrochromic applications [33], heated textiles [34],
rechargeable batteries and printed batteries [35].
Nickel nanoparticles represent some hazards in use as they are flammable and may be
harmful if inhaled and/or absorbed through the skin [36]. They may cause eye irritation and can
be harmful if swallowed. They are very toxic to aquatic life. These hazards can be overcome by
working safely in the laboratory, by keeping the product away from heat/sparks/open flames/hot
surfaces and direct sun light. Proper clothing, protective gloves, safety glasses, and a safety face
mask must be used, and materials must be disposed of in a suitable, closed container and nothing
should be disposed in drains.

2.2. Conductive Nickel Inks
Conductive nickel is available on the market for screen printing applications from different
vendors with volume resistivity ranging from 1.2x10-4 to 7.6x10-3 Ωm [21]. Some of the existing
suppliers include Fuel Cell Materials, American Elements, Creative Materials and Gwent
Electronic Materials. A patent by Nth Degree Technologies Worldwide, Inc. explains the method
of conductive ink formulation using nickel components for screen printing. According to this
application, a nickel blend that includes at least nickel flakes, nickel nano/microwires or nickel
spheres can be used alone, or it can be mixed with a carbon component such as graphene and
graphite to create a low cost conductive ink [21]. The composition listed in Table 2-2 screen
printed on biaxially oriented polyethylene terephthalate (BOPP) with 2 x 10-5 Ωm volume
resistivity was achieved. Overall, the conductive ink film thickness varied from 4 to 40 µm and
the resistivity ranged from 1.2 x 10-5 to 3.8 x 10-5 Ωm on a variety of substrates.
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Table 2-2. Screen ink composition and printing parameters
Nickel
52.8 %

Carbon
1.1%

Substrate
BOPP

Viscosity
9000 cP

Polycarboxylic acid
Polyol
Additives
10.2%
32.8%
0
Printing conditions
Mesh type, size
Sintering temperature, time
Polyester, 110
138 °C, 10 min

Nickel ink with nanoparticles for inkjet and aerosol applications has been introduced to the
market by Applied Nanotech. The volume resistivity is reported in between 2 to 5 x 10-7 Ωm [37].
The ink is used to print highly conductive lines and patterns as well as a sintering additive to reduce
sintering temperatures of other metals and ceramics. However, specific curing or sintering
procedures are not reported by the company to obtain the announced volume resistivity.
A research investigated volume resistivity of nickel particles that was applied on polyimide
substrate with a spin coater. The resistivity was reported as 7.6 x 10-7 Ωm after sintering with a
xenon flash light for the use in multilayer ceramic capacitors and printed electronics applications
[38]. Before the flash light sintering, the samples were dried on a hot plate at 150°C for 20 minutes.
Table 2-3 shows the electrical performance of nickel particles found in the literature along
with the substrate, and deposition method used in the research. Nickel ink formulations specific to
flexography printing has been discussed for the first time by Altay et al. [39-41].
Table 2-3. Electrical performance of Nickel in literature
Reference
Lockett et al. [21]
Commercial [37]
Li et al. [42]
Park et al. [38]
Kamikoriyama et al. [43]
Im et al. [44]
Sharma et al. [45]

Substrate
BOPP
Not mentioned
Acid free paper
Polyimide
Alkali free glass
Glass
Glass

Volume resistivity
2x10-5 Ωm
2 to 5x10-7 Ωm
4.5x10-5 Ωm
7.6x10-7 Ωm
3.8x10-5 Ωm
1.1x10-6 Ωm
10 Ωm
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Deposition method
Screen printing
Inkjet and aerosol printing
Inkjet printing
Spin coater
Spin coater
Screen printing
Aerosol

2.3. Flexography Printing of Electronics
Table 2-4. Research conducted using flexography printing process
for printed electronics
Reference
Fang et al. [46]
Alem et al. [47]
Kim et al. [48]

Tomašegović et al. [49]
Mo et al. [50]
Leppäniemi et al. [51]
Sagu et al. [52]
Twomey et al. [53]
Benson et al. [54]
Liu et al. [55]
Baker et al. [56]
Joyce et al. [57]
Carlisle et al. [58]
Lloyd et al. [59]
Valtakari et al. [60]
Hübler et al. [61]
Deganello et al. [62,63]
Faddoul et al. [3]
Kahn, et al. [64]
Spiehl et al. [65]
Yusof et al [66]
Schmidt et al. [67]
Yan et al. [68]
Kattumenu et al. [69]
Kattumenu et al. [70]

Pigment
Copper
Zinc oxide, Silver,
PCDTBT:PC71BM
Silver, Zinc oxide, Tungsten oxide,
Cadmium Selenide/ Zinc Sulfide
quantum dots
Quartz cationic
Silver, Carbon nanotube
Indium oxide
Silver, Carbon
Silver
Gold
Silver
Graphene
Silver
Silver
Zinc acetate precursors
PEDOT:PSS, Silver
PEDOT:PSS, P(VDF-TrFE)
Silver
Silver
Silver
Organic
p-channel
polymer
semiconductor
Carbon black
Perfluorinated
poly(alkenyl vinyl ether)
P(NDI2OD-T2)
Silver
Silver

Application
Conductive pattern
Solar cells
Printed electronics applications

Printed electronics applications
Conductive grid, solar cell
Thin film transistor
Supercapacitor
Conductive grid
Biosensor
Conductive grid
Solar cell
Conductive traces
Conductive traces
Gas sensor
Conductive coating
Loudspeaker on paper
Conductive grid
Conductive traces
Conductive traces
Organic thin film transistor
Conductive traces
Organic field-effect transistor
Organic thin film transistor
RFID Antenna
Conductive traces

Flexography printing have been used in printed electronics fields by a number of
researchers [46-70]. Table 2-4 lists the applications and pigment types used in the experiments
along with the references. Most of the trials have been conducted using a flexo proofer [4648,50,51,54-57,61,68], while a few used multicolor flexography presses [49,53,57,62-64,69,70].
Two studies did not report the type of the equipment [52,65] and one study used a custom-made
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process [67]. Among these studies, the thinnest printed functioning line width reported was 6 µm
(Table 2-5) [53], the thinnest ink film thickness reported was 5 nm [51] and the lowest ink film
roughness reported was 1.2 nm [48].
Table 2-5. The minimum line thickness achieved using flexography printing process

Reference
Twomey et al.
[53]
Liu et al. [55]
Joyce et al. [57]

Flexo press
Commercial

Kahn et al. [64]

Commercial

Proofer
Proofer/commercial

Anilox
(cpi)
700,800,900,1000
1100,1200
300, 450, 600
400, 800
700,800,900,1000
1100,1200
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Image
resolution
(dpi)
4000
8000
2400
4000
assuming
(8000)

Mounting tape
Light medium/firm

Line
thickness
(µm)
6.35

Medium/hard

54
29

Lohmann XP 5.0

35
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CHAPTER III
THE IMPACT OF SUBSTRATE AND PROCESS ON THE ELECTRICAL PERFORMANCE
OF SCREEN PRINTED NICKEL ELECTRODES: FUNDAMENTAL MECHANISM
OF INK FILM ROUGHNESS

3.1. Abstract
In recent years, traditional printing methods have been integrated to print flexible electronic
devices and circuits. Since process requirements for electronics differ from graphic printing, the
fundamentals require rediscovery mainly to optimize manufacturing techniques and to find cost
reduction methods without compromising functional performance. In addition, alternative inks
need to be formulated to increase the variety of functional inks and to pioneer new product
developments. In this report, we investigate a thermoplastic-based nickel ink prototype to print
electrodes using a screen printing process. Process fundamentals are explored, and cost reduction
methods are addressed by studying the effect of substrate roughness, print direction and number
of ink layers on the electrical performance of printed nickel. Multilayered electrodes are printed
on paper and heat stabilized engineered film. A novel fundamental mechanism is found that
explains the effect of substrate roughness on ink film roughness in screen printing, including the
roughness measurement of the screen mesh wire that is reported for the first time. Results
demonstrated that (i) surface roughness of substrates does not have significant effect on printed
ink film roughness in screen printing, (ii) ink film thickness is higher on non-absorbent materials,
while line gain is higher on absorbent materials, (iii) the effect of electrode orientation on electrical
performance is insignificant, (iv) the effect of substrate roughness on the electrical performance
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for the first print layer can be eliminated by printing multiple layers. The results significantly affect
substrate choice and number of ink layers, which are considered as the major cost factors in the
manufacturing of printed electronics.

3.2. Introduction
In recent years, use of traditional printing processes has become a novel method to
manufacture cutting-edge thin, flexible electronics in a time and cost-efficient manner. These
additive process techniques involve continuous deposition of functional materials in a layer-onlayer manner on a thin platform for the fabrication of light weight and portable electronic devices
[1-8]. An electroluminescent device, for instance, can be manufactured by printing a phosphor
layer on an ITO film, then adding a dielectric layer to the phosphor layer, and a conductor on the
dielectric layer (Figure 3-1).
Printing techniques require fewer processing materials, produce significantly less wastage
and offer large-area, high volume production in relatively shorter times for the fabrication of green
electronics when compared to conventional photolithography and silicon-based techniques [9-12].
Polymer inks containing functional pigments (i.e. conductive, semi-conductive, dielectric,
magnetic) enable fabricating electronics on flexible substrates that have shapes predefined by the
device layout [13] on flexible substrates, such as papers, films, textiles and metals, among others
[14]. Despite many substrate properties, thermal mechanical property is very important for the
precise registration for printing and stacking of functional materials upon each other to create
electronic devices [15,16]. Paper and plastic engineering offer a wide range of fine-tuning of
physical, mechanical, optical, surface and barrier properties for paper and film materials [17-20].
These factors play an important role in the future of printed electronics [21].

56

Figure 3-1. Schematics of a typical electroluminescent device
Substrates and printing methods affect the choice of ink type. Inks manufactured for screen
printing press are incompatible to be used on a flexography press. Likewise, inks used for paper
printing, may not be compatible to print on plastic films. Typically, the key factor among the ink,
substrate and printing process for profitability is the substrate in industry of graphical printing [22].
A simplistic description of substrate cost is that the finer and more special they are, the more they
cost. Table 3-1 lists typical cost items for a print manufacturer, indicating substrate is the first
single-handed cost item. It is reported that a percent reduction in substrate cost translates to 34%
increase in profit [22]. In terms of printed electronics, the pigment used in the functional ink
formulation, such as noble metals, can also add to the manufacturing cost. Prominent conductive
pigments are silver, gold and copper-based [1,2]. High price is a drawback for silver and gold,
while cheaper copper is prone to oxidation and corrosion [11]. Nickel (Ni), on the other hand, an
abundant element on earth, has high conductivity and high resistance to oxidation and corrosion
[23-27]. It is a cost-effective material relative to common precious metals and has higher
sensitivity to wider temperature range [28]. Aside from the conductivity, Ni is also ferromagnetic
at room temperature [25,29-31], which cannot be replaced by the forenamed elements. There has
been a deep interest using Ni in multilayer ceramic capacitors [32], optical antennas [30],
interconnectors [24], magnetic sensors and actuators [29,33], batteries [34], temperature detectors
and ultrasonic transducers [35], among other electrical components.
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Table 3-1. Typical cost items in printing manufacturing [22]
Printing manufacturing cost

%

Factory payroll

25.77

Substrate

19.20

Factory expenses

16.50

Other materials and outside services

14.79

Administrative expenses

10.96

Selling expenses

10.51

Operating profits

2.27

There are various techniques to characterize nanoscopic, microscopic, spectroscopic and
thermodynamic structures of organic and inorganic materials [36,37]. Among these techniques
microscopy and light scattering methods have limited resolution (≈0.2-0.5µm) to visualize
microstructure [38]. Electron microscopy methods have the adequate resolution to capture images
at nano scales, however they do not detect the microstructures since they focus to a very local area.
Scattering techniques, such as energy dispersive X-ray spectroscopy, are model dependent [39].
X-rays have energies characteristic of the elements within the sample and provide qualitative and
semi quantitative identification of the composition of the sample. Since such small areas of a
possibly larger bulk sample are analyzed, the results may not be representative of the bulk sample.
Consequently, any calculated concentrations can only be used to give relative levels of inorganics
on the surface of the sample. Thus, care must be taken not to over-interpret results. A rheometer
can characterize macrostructure as well as rigorously detect changes in the microstructure of soft
materials [40]. To cover all length scales, Ni electrode’s physical properties are characterized with
vertical scanning interferometry (VSI), scanning electron microscopy (SEM) and atomic force
microscopy (AFM). Ni ink chemical properties are characterized with X-ray spectroscopy. Surface
tension of Ni ink and surface energy of substrates are characterized by thermodynamic method of
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pendant drops and contact angles with a video system. Ni ink flow characteristics are explored in
response to increasing and decreasing shear rate and increasing temperature using a rheometer.
Before printing Ni electrodes, the screen printing process is simulated to explore ink behavior on
mesh, during printing/ink transfer, and viscosity recovery after printing.
Wetting properties, surface roughness of substrates, suitable ink rheology characteristics
and proper curing are considered to play an important role in the electrical performance of
functional ink films [18-20,41]. Wetting properties of substrates effect ink spreading and leveling
behavior during printing, thus affect the homogeneity of the printed ink layer. The degree of
wetting is usually determined by surface energy studies that involve measuring contact angles of
liquids with known surface tension. Smaller contact angles (below 90°) correspond to high
wettability, while larger contact angles (above 90°) to low wettability [42]. Besides wetting,
substrate surface characteristics also influence ink leveling during printing. In general, printing
inks spread and penetrate into the porous and rougher substrates [43]. Non-porous substrates do
not absorb ink, and spreading is influenced by liquid surface tension, viscosity, surface energy and
surface roughness [44]. The characteristics of penetration, spreading and leveling of inks effect
ink film thickness consequently, thus electrical performance of printed electrodes [45]. General
theory in Eq. 1, where 𝜌 and t indicate volume resistivity and thickness, respectively, shows the
dependence of sheet resistivity (R) of a material on its thickness:
𝑅 = 𝜌/𝑡

(1)

Ink rheology plays a crucial role to obtain high quality and stable film thicknesses. The
rheology properties of Ni pigment particles in dispersion only (without a binder) [46], or in mixture
form with other pigments (i.e. nickel/scandia-stabilized zirconia) [40] have been discussed
previously. Monitoring viscosity as a function of increased shear rate, increased temperature or
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simulating printing conditions before the real production reveals propriety information such as ink
runnability for the chosen printing process, ink leveling and suitability for the production
conditions, therefore eliminating problems regarding printability, material and time loss at early
stages [47].
In this research, Ni ink rheological flow characteristics are measured in response to
increasing shear rate and increasing temperature using a dynamic stress rheometer. The screen
printing process was simulated to understand the Ni ink viscosity behavior when it is on a screen
mesh, during printing and after printing. Wetting properties were explored by characterizing
surface energy of substrates and liquid surface tension by contact angle and pendant drop methods,
respectively, using a video system and the Owens-Wendt method. Electrical performance of
thermoplastic based screen-printed Ni electrodes was compared after printed on a traditional
paperboard grade that has surface roughness in the micron range and a special heat stabilized film
that has roughness in the nano range and corrected based on electrode geometry. To the best of our
knowledge, this is the only research reported to date for substrate roughness effect on ink film
roughness in screen printing, and for the measurement of surface roughness of the screen mesh
wire. The effect of electrode orientation and printing multiple ink layers on the electrical
performance was also studied. Surface topographies were characterized with a vertical scanning
3D optical interferometry (VSI). Pigment morphology, elemental analysis and pigment structure
were investigated using a scanning electron microscopy (SEM), atomic force microscopy (AFM),
energy dispersive X-ray spectroscopy (EDS), and X-ray diffractometry, respectively.
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3.3. Experimental

3.3.1. Materials
A prototype thermoplastic based Ni ink (XCUS-78095, PPG Industrial Coatings, OH) with
solid content of 75%, and density of 2.6 g/cc was used for screen printing the conductive traces.
The viscosity was reported within the range of 18,000 – 24,000 Pas@10 rpm with #4-14 spindle
at 25ºC (Brookfield DvT-3, Middleboro, MA). The substrates were polyethylene terephthalate
(PET) (Melinex ST506, DuPont, US), and solid bleached sulphate board (SBS) (144 lb. 10 pt., C2S
cover, International Paper, US). Ultra-filtered deionized (DI) water (Fisher Scientific, Fair Lawn,
NJ) and diiodomethane (MI) (reagent plus 99%, density 3.325 g/cc; Sigma Aldrich, St. Louis, MO)
were newly purchased and used as test liquids for the surface tension and contact angle
measurements. A 10-mL syringe (BD Luer Lok, Becton Dickinson, Franklin Lakes, NJ) with a
0.55 mm needle tip (JG20-1.0., Jensen Global, Santa Barbara, CA) were used.
3.3.2 Ink rheology and screen printing simulation
Rheological characterization (steady state flow test, viscosity vs. temperature) of the ink
was performed using an AR 2000 dynamic stress rheometer equipped with a 20-mm 2° cone
parallel plate geometry (TA Instrument, New Castle, DE). Initially, a steady state flow test was
conducted for the Ni ink with shear rates varying from 0.1 to 3000 s-1 at 23°C. Then, viscosity
behavior of the ink over varying temperatures was studied using a Peltier plate that was heated
from 20 to 60°C at a constant shear rate. Later, TA Rheology Advantage Data Analysis software
was used to assess the best rheology model fit based on steady rate versus viscosity. Finally, for
the screen printing simulation, the 0.1 s-1 shear rate was considered when ink was on the mesh;
1000 s-1 shear rate to simulate ink behavior during printing and 0.1 s-1 shear rate for ink recovery
after printing. The tests were repeated three times to estimate the standard deviations.
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3.3.3. Surface tension and surface energy estimations
An FTA200 (First Ten Angstrom; Portsmouth, VA) video system of 60.9 frame rate
(Figure 3-2, Table 3-2) along with FTA32 software were employed to measure the surface tension
of Ni ink as well as test liquids using the pendant drop method at ambient conditions. 3 ml of Ni
ink was loaded in to the 10-ml syringe and the ink was dispensed at 1 µl/s speed through a 0.55
mm outer diameter needle. Five drops were dispensed, and the average surface tension was
measured. Similarly, the surface energies of the PET and SBS substrates were obtained by
measuring the contact angles (sessile drop profile) of the two test liquids with the FTA 200 system
using Owens-Wendt method.

Figure 3-2. (a) FTA200 video system, (b) surface tension and contact angle measurements,
(c) data collection, (d) equilibrium state contact angle analysis
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Table 3-2. Contact angle experiment settings
FTA32 software settings
Camera frame rate
Contact angle analysis
Liquid-vapor curve fit
Surface energy calculation method
Density of light phase

60.9
Sessile drop profile
Spherical fit
Owens-Wendt method
1.204x10-3

3.3.4. Electrode fabrication and printed ink film characterization
A semiautomatic screen printer (MSP 485, HMI, Lebanon, NJ) with a stainless-steel screen
mesh count of 325 threads per inch, wire diameter of 28 µm, bias angle 22.5° and MS-22 emulsion
thickness of 12.7 µm was used for Ni ink deposition. Electrodes with 3 mm width and 26 mm
length were imaged in three orientations: along print direction (squeegee direction), with 45° to
the print direction, and cross-print direction at a constant squeegee pressure (Figure 3-3). The
image in Figure 3-4 was printed to explore the thinnest line width (50 µm, 100 µm, 200 µm, 500
µm, 1mm and 3 mm) that the substrates can hold. The ink layers were printed wet-on-wet, then
cured in a Yamato DX 300 convection oven for 5 minutes at 130ºC. Ethylene glycol monobutyl
ether acetate (99%, Sigma Aldrich, St. Louis, MO) was used for clean-up. Substrate roughness, ink
film roughness and ink film thickness were measured using a Contour GT-KO vertical scanning
white light interferometer (3D profilometry) and a microscope (Bruker Corporation, Billerica,
MA) with its 5x lens at 100µm back scan, 100µm length and 5% threshold. Substrate roughness
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was also measured using Parker Print – Surf (Messmer Instruments Limited, Testing Machines,
Inc., New Castle, DE) to compare the roughness results gathered from interferometry and AFM.

Figure 3-3. Conductive electrodes imaged and printed at different orientations: print direction
(left), 45º (middle), cross direction (right)

Figure 3-4. Electrodes with different line widths
3.3.5. SEM imaging of pigment morphology and AFM imaging of substrate topography
Printed Ni ink surface was imaged using an EVO MA-15 Variable-Pressure Scanning
Electron Microscope (SEM) (Carl Zeiss SMT Ltd., Pleasanton, CA) operating in both variablepressure (VP) and high vacuum (HV) modes. VP mode allows non-conductive surfaces to be
imaged without the need for a conductive coating because surface charges can be dissipated by
lowering operating vacuum. Image resolution, however, is reduced because the 100 µm diameter
VP-aperture produces a larger-diameter electron beam relative to the 20 µm final aperture used
when HV imaging is employed. HV imaging, after Au/Pd coating (1-minute) (Leica EM ACE200
Sputter Coater, Buffalo Grove, IL) provides higher-resolution images in both secondary electron
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imaging (SEI) and backscattered electron (BSE) imaging modes. In SEI, 1º electrons bombarding
the sample cause 2º electrons to leave the sample at a lower energy that can be deflected by a
Faraday cage surrounding the electron detector. When the cage is positively-biased, both high- and
low-energy electrons are captured, and a bright, highly-resolved image is generated. In BSE
imaging, the Faraday cage is negatively-biased, causing low-energy 2º electrons to be deflected
and allowing only high-energy 1º electrons to be detected; this generates images based on atomic
number (Z) differences with higher-Z elements appearing brighter.
A MultiMode 8 Atomic Force Microscope (AFM) with Nanoscope V Controller (Bruker
Nano Surfaces) was used to measure surface roughness of PET and SBS substrates. 100x100 µm
scans were acquired in Contact Mode, while 10x10 µm scans were acquired in Tapping Mode. 2D
and 3D height images were plotted to show relative roughness.
3.3.6. EDS elemental and XRD analysis
Energy dispersive X-ray spectroscopy (EDS) was performed using dual Bruker X-flash
6/30 X-ray Spectrometers. EDS makes use of X-rays generated by a sample as electrons from the
SEM are bombarding it and provide qualitative and semi quantitative identification of the sample
elemental composition. Structural characterization of printed Ni electrodes was carried out using
a Philipps XRG 3100 diffractometer operating at 25 kV and 10 mA with Cu Kα radiation.
3.3.7. Electrical measurement of printed nickel ink film
A Keithley 2400 4-probe sourcemeter was used to measure sheet resistivity of the ink film
(ohms, Ω). The Haldor Topsøe geometrical factor method was used to calculate sheet resistance
(ohms per square, Ω/ ), based on the printed line width and length [48,49]. The correction factor
was 4.0095. Ink film thickness gathered from vertical scanning interferometry was used to estimate
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volume resistivity (Ωm) of the printed Ni electrodes by multiplying by ink film thickness. 3 mm
printed Ni electrodes were used to study the electrical performance and ink film thicknesses.
3.3.8. Statistical analysis
The null hypotheses for the study were the difference in performance of printed Ni
electrodes on the PET with different ink layers, different orientations and on different substrates
were statistically significant than on the SBS that may cause functional irregularities. The data
were analyzed using a JMP 14 software. The significance level was set to α=0.05 (95%). Table
3-3 shows the factors and levels for the statistical analysis. The null hypotheses were rejected when
p-value was less than 0.05.
Table 3-3. Factors and levels of the experimental design
Factors
Electrode orientation
Number of ink layers
Substrate

Levels
3
3
2

Values
Print direction, 45°, cross direction
1 pass, 2 passes, 4 passes
PET film, SBS paper

Replicates
3
3
3

3.4. Results and Discussion
A very distinct rheology behavior is expected from screen printing inks due to the nature
of the screen printing process. At low shear rates, a high viscosity is required for ink to stay stable
on the printing plate before printing, however a very low viscosity is needed temporarily upon
shear during printing, followed by recovery to a high viscosity after printing [47,50,51]. The
experimental Ni ink yielded the desirable shear thinning behavior, high viscosity of 100 Pas at low
shear rate, and 1 Pas at high shear rate as shown in Figure 3-5. The low viscosity upon shear is
very critical in screen printing to assure transferring patterns from plate to substrates. Critical
material properties can be gathered from the viscosity versus shear rate flow by using rheology
models [52]. The model helps to track the effect of ingredient changes in ink formulation or the
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ink behavior in different processing methods, such as printing or roller coating. Consistency value
provided by the model is an intrinsic property of materials, which shows the time constant of a
flow model. The reciprocal of the consistency provides a shear rate that shows the onset shear rate
for the shear thinning. Using the Cross rheology model, Ni ink consistency was calculated as
0.0096 s. For the temperature ramp analysis, the shear rate of 104 s-1 (1/0.0096 s) was kept constant
while increasing the temperature to explore viscosity behavior upon heating. In Figure 3-6 it is
observed that the viscosity of Ni ink decreased from 25 Pa s to 12 Pa s when the temperature was
varied from 20°C to 60°C. The same viscosity decrease was observed in the viscosity versus shear
rate data (Figure 3-5) when shear rate changed from ~100 s-1 to 250 s-1. Since the change in
viscosity corresponds to the same order of magnitude shear rate, Ni ink would be considered to
stay stable at varying temperatures in production cycle as well as storage conditions. In Figure 3-7,
the screen printing process is depicted to explore Ni ink printability and the ink recovery. The
viscosity is ~100 Pa s at 0.1 s-1, roughly corresponding to the ink at rest on the screen plate mesh.
When high shear of 1000 s-1 is applied (with a squeegee during screen printing), viscosity decreases
significantly to 1 Pa s, thus ink can flow through the screen mesh resulting in ink transferring to
the substrate. Once the printing is done, the viscosity recovers to ~90 Pa s. The ability of ink to
have lower viscosity temporarily upon shear, then recovering to its original state when the shear
is removed, called thixotropy, is a preferred property of screen inks for the ease of processability
[40].
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Figure 3-5. Ni ink viscosity as a function of shear rate at room temperature
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Figure 3-6. Ni ink viscosity as a function of temperature change at shear rate of 104 s-1

Figure 3-7. Ni ink viscosity during screen printing simulation: screen on mesh at shear rate of
0.1 s-1, ink transfer shear rate of 1000 s-1, ink recovery at shear rate of 0.1 s-1
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Substrate roughness and wetting properties are considered to play an important role in the
electrical performance of functional ink films [17-19]. Earlier research established that the rougher
the surface, the more the increase in resistivity due to electron scattering [20]. In Figure 3-8, Figure
3-9 and Figure 3-10, AFM measurements both in contact and tapping mode show that PET film
surface is significantly smoother than the SBS paper surface. Using AFM, the roughness is
measured as 12 ±3 nm for the PET and 176 ±44 nm for the SBS. Based on this, PET surface is 15x
smoother than the SBS surface. Bright particles in the phase images indicate the presence of filler
material in the substrates. Figure 3-11, on the other hand, shows the 3D profilometry surface
roughness images. Using vertical scanning interferometry, the roughness was measured as
17 ±2 nm for PET, while 1009 ±10 nm for SBS, representing 60x better smoothness for the PET.
The significant difference in SBS roughness between the two-measurement system is due to the
length of measurement scale of AFM [53], while the interferometry scans depend on focus
adjustment of the fringe contrast [54]. PET and SBS were measured one more time using Parker
Print – Surf instrument that is specialized to measure surface roughness in micron range. The
average roughness for SBS measured 1090 ±76 nm while PET results were out of range, indicating
the device’s incompatibility for the reading (Figure 3-12). The results are in line with the
interferometry measurements, therefore, the interferometry results were used in the comparisons
and discussions relative to roughness in further sections.
The SBS surface is found rougher due to the cellulosic fibers and filler content, and is
presumed to be more hydrophilic relative to the more hydrophobic surface of PET. To determine
this, pendant drop and contact angle methods were used to estimate surface energy values of the
substrates. First, the surface tension of DI water and MI was measured. Table 3-4 shows the tension
of test liquids that are slightly differing from their literature values [55]. This could be due to the
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following factors: (a) variation in the purity levels of the chemical, (b) prolonged time periods of
chemicals remaining stagnant in the laboratory, (c) contamination of chemicals and (d) degradation
of the chemicals. Table 3-5 shows the angle of DI water and MI on PET and SBS. Based on OwensWendt method [56], the surface energies of PET and SBS are found to be 45.97 ±2.66 mN/m and
40.28 ±3.40 mN/m, respectively. Printed Ni ink surface energy was found to be 24.97 mN/m and
25.92 mN/m on PET and SBS, respectively. The reputable criterion for an ink to spread well on a
substrate is that the substrate surface energy must be higher than the surface tension of the ink
[57]. Ni ink surface tension is measured as 15.51 mN/m, therefore a good ink spreading on
substrates was expected.
Besides ink spreading, connectivity in printed lines is also essential for electrodes to
function properly. Figure 3-13 and Figure 3-14 show print quality and line connectivity in the
microscopy images of thermally cured printed electrodes on PET and SBS, respectively. After 1,
2 and 4 print passes, PET film fails to hold 50 µm thinnest line while it is visible (but it is still
broken) on the SBS after only 1 print pass. The print quality difference suggests that the surface
energy differences between the substrates that could be the reason, leading to different packing
densities of Ni particles during printing. Ni ink more freely wets the SBS surface, thus particle
packing would be less compared to ink on the PET.
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Figure 3-8. AFM images of PET (top) and SBS (bottom) in Contact Mode. Height images at
100µmx100µm scan area. 2D (left) and 3D (right) views. Z-scale
for Height images is 2.0 µm. Tilt=30º, Rotation=15º.
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Figure 3-9. AFM images of PET and SBS in Tapping Mode. Height images at 10µmX10µm scan
area of PET (top) and SBS (bottom) substrates before printing. 2D (left) and 3D (right) views.
Z-scale for Height images is 500nm. Tilt=30º, Rotation=15º.
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Figure 3-10. Tapping Mode™ AFM Phase images of PET (left),
SBS (right) at 10x10µm scan areas

(a)

(b)
Figure 3-11. 3D profilometry surface roughness images: (a) PET film (b) SBS paperboard
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Figure 3-12. Surface roughness of PET (top) and SBS (bottom)
Table 3-4. Surface tension of the test liquids and Ni ink
Liquids
DI
MI
Ni ink

Surface tension (mN/m)
71.40 (±0.87)
48.00 (±0.60)
15.51 (±0.28)

Dispersive
21.80
45.70
-

Polar
49.60
2.30
-

Table 3-5. Contact angles values of the substrates
Liquids
PET film
SBS paperboard
Ni ink film on PET
Ni ink film on SBS

DI
69.02° (±0.07)
74.73° (±1.30)
116.05°(±1.23)
118.82°(±2.13)

MI
23.48° (±0.35)
37.06° (±0.41)
50.58° (±0.55)
54.10° (±0.34)

Table 3-6. Owens-Wendt surface energy estimations of the substrates and Ni ink film
Liquids
PET film
SBS paperboard
Ni ink film on PET
Ni ink film on SBS

Surface energy (mN/m)
45.97
40.28
24.97
25.92
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Dispersive
38.21
33.76
0
0

Polar
7.76
6.51
24.97
25.92

Figure 3-13. Ni electrode on PET film. 4 passes (top), 2 passes (middle) and 1 pass (bottom).
Images at 4x (left) and 10x of 50µm, 100µm and 200µm lines (right).
The thinnest line of 50µm is missing on in each sample.
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Figure 3-14. Ni electrode on SBS paperboard. 4 passes (top), 2 passes (middle) and 1 pass
(bottom). Images at 4x (left) and 10x of 50µm, 100µm and 200µm lines (right).
The thinnest line of 50µm is visible.
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The morphology of printed and cured Ni pigment at various magnifications was captured
using a scanning electron microscope. Unit particles were observed (Figure 3-15 to Figure 3-18)
as agglomerates with a diameter of 1 – 5 µm in size after the curing process. The neck formation
phenomenon that takes place during the curing process would be the cause of bridging between Ni
particles, therefore bigger particles being formed in printed film [58,59]. The curing process forms
the connectivity in between particles, thus a solid structure, and consequently printed ink film
conducts electricity. The pigment morphology is varied from spherical to flat plates and cubes that
form cubic-to-spherical agglomerates. Similar morphologies observed by other researchers
suggest a cubic morphology for the Ni ink [60,61]. EDS analysis showed four main peaks
belonging to Ni, carbon (C), gold (Au) and palladium (Pd) (Figure 3-19). 4.05% Au and 0.93% Pd
signals are due to the sputter coating of the SEM sample preparation procedure that was applied
before imaging, while 94.93% Ni and 0.09% C are associated with the printed ink. The printed
electrodes showed no significant contamination from inorganic or organic sources.

Figure 3-15. SEM images of printed Ni ink: magnified 5000x (left), 50000x (right)
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Figure 3-16. SEM images of printed Ni ink: magnified 500x (top) and 1000x (bottom)
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Figure 3-17. SEM images of printed Ni ink: magnified 1000x
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Figure 3-18. SEM images of printed Ni ink: magnified 5000x (top) and 10000x (bottom)
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Figure 3-19. EDS analysis of printed Ni ink
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Figure 3-20. X-ray Diffractogram of printed Ni electrode
Figure 3-20 shows the X-ray diffractogram of the cured printed Ni electrodes cured (annealed).
The measurements were performed for Bragg angle (2Ɵ) ranging from 40° to 80°. The step size and the
dwell time of the measurements were 0.1° and 2 s, respectively. Bragg reflections were observed
corresponding to (111), (200), and (220) planes of a typical face-centered cubic (fcc) Ni [62,63]. No other
phase was observed in the diffractogram indicating that printed Ni particles had single phased cubic
structure, as observed in the SEM. The crystallite size (D) of the printed Ni was calculated to be 22 nm
using Scherrer’s formula [50] shown in Eq. (2).
𝐷 = 0.9𝜆/𝛽𝑐𝑜𝑠𝜃

(2)

where, λ is the X ray wavelength, θ is the Bragg diffraction angle and β is the full width at half maximum
(FWHM) of the largest diffraction intensity peak. Finally, it is important to understand that the size obtained
from Scherrer’s formula is the apparent crystalline size and is not necessarily the same as the particle size
in SEM since several crystals can agglomerate to form particles [64].The shapes of the agglomerates do not
necessarily correspond to the chrystal symmetry. The cubic morphology from the X-ray diffraction is
unambiguous regarding the underlying cubic morphology.
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Figure 3-21. Sample of percent area coverage of void space estimation: 500x magnification (top
left), binary image (top right), void per area calculation (bottom)
Visible gaps that appear in the printed ink were observed as a general lack of coalescence.
The voids are quantified by digital image analysis (Figure 3-21). Binary image is generated from
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original SEM image, converting brightness to 0 and contrast to 100%. Void spacing between the
Ni particles represented by the dark regions were measured to determine percent area of total the
image. In the statistical analysis, the void per area effect on volume resistivity for PET film and
SBS paperboard is found insignificant, p=.0800 and p=.2109, respectively.
Resistivity is one of the main property of electrodes. After sheet resistivity measurement,
sheet resistance and volume resistivity were calculated by incorporating electrode geometry and
ink film thickness gathered from vertical scanning interferometry, respectively (Figure 3-22). The
electrical results were quantified by sheet resistance and volume resistivity.

Figure 3-22. Interferometry image of the ink film thickness measurement
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Fundamentally, thinner ink layers show higher resistance relative to thicker ink layers and the
lowest resistance is preferable for applications where conductivity is needed. 1, 2 and 4 print passes
on PET resulted in 28.0 ±0.2 µm, 30.3 ±0.4 µm and 33.7 ±0.1 µm ink film thickness, while
19.8 ±1.1 µm, 22.0 ±2.1 µm and 24.8 ±1.1 µm on SBS, respectively, as expected since Ni ink more
freely wets the SBS surface and absorbs into the SBS structure due to permeability (Figure 3-24).
Previous studies determined that ink film thickness can be decreased by increasing the squeegee
pressure depending on the binder content or by diluting the functional ink [52,65]. In this study,
the thickness difference is attributed to the absorbency of the substrate since the squeegee pressure
was kept constant. Ni ink particles pack more densely on PET relative to SBS, causing higher ink
film thickness due to the non-absorbent nature of PET film. Ink thickness difference was found
significant (1-layer: p=.0002, 2-layer: p=.0026, 4-layer: p=.0001). However, line gain was higher
on SBS due to its rougher and more porous surface (Figure 3-25).
Although line gain and ink film thicknesses varied significantly between the PET and SBS
ink layers, the difference in the ink film roughness is found to be insignificant (Figure 3-24) (1layer: p=.1539, 2-layer: p=.1340, 4-layer: p=.9640). The ink film roughness was measured as
2.58 ±0.03 µm, 2.54 ±0.06 µm and 2.46 ±0.06 µm on PET, and 2.87 ±0.28 µm, 2.72 ±0.16 µm
and 2.47 ±0.15 µm on SBS for 1, 2 and 4 print passes, respectively. Considering the significant
difference between the roughness of the PET and SBS substrates, it can be said that substrate
roughness has no significant effect on ink film roughness in screen printing. The major contributor
to the ink film roughness is found to be the screen printing stencil, stainless steel mesh surface,
since it is in one-to-one contact with the ink surface during printing. Figure 3-23 verifies that the
average of measured mesh roughness is 2.98 ±0.92 µm. The slight difference between the screen
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mesh roughness and Ni ink film roughness is attributed to the ink leveling upon the absence of
shearing force after printing and drying, consistent with the rheology results (Figure 3-7) [52].

Figure 3-23. Interferometry image of surface roughness of stainless steel mesh
The effect of electrode orientation on electrical performance on both substrates was found
insignificant (SBS: p=.7826, PET: p=.8729) (Figure 3-26). Therefore, the results were only
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compared as a function of number of print passes. Sheet resistivity is the term commonly used in
industry and can be tailored by changing ink film thickness. The sheet resistivity of printed Ni
electrodes on both substrates reduced as the ink film thickness increased, although it showed a
slight increase at 4-layers (Figure 3-27). The reason would be the multiple print passes that were
performed in a wet-on-wet method, which does not include curing after each print pass. Since
curing time was kept constant at the experimental design for all the print passes, it caused thicker
ink layers to be cured improperly, and most likely resulted in increase in the apparent sheet
resistivity for the 4-layer ink film. With 1-layer Ni electrode, 6.6 Ω/□ sheet resistivity was obtained
on PET, while 14.5 Ω/□ on SBS (p=.0004). When multiple ink layers printed (2 and 4 layers), the
difference became insignificant. 5.5 and 6.6 Ω/□ were obtained for 2-layers and 11.3 and on 10.6
Ω/□ were obtained for 4-layers on PET and SBS, respectively (2-layer: p=.1305, 4-layer:
p=.7793). The resistivity difference for 1-layer can be attributed to the substrate surface roughness
(Figure 3-27). However, the first ink film roughness takes over the influence for the following ink
layers, ensuring insignificance difference in sheet resistivity (Figure 3-28).
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3.5. Conclusion
A thermoplastic based nickel conductive ink has been screen-printed to fabricate
electrodes. The electrical performance, ink film roughness and ink film thickness have been
studied by increasing the number of printed layers and by changing the electrode orientation on
two distinctly different substrates, PET film and SBS paperboard. We have shown the definite
benefit of choosing a rougher paper substrate over a high smoothness engineered film substrate to
provide similar electrical performance. Considering the cost of SBS paperboard being 35x less
expensive relative to PET film, significant reduction in the manufacturing cost can be achieved for
many applications just by altering substrate choice.
The homogenous electrical response is systematically achieved that is independent of
substrate and print direction (electrode orientation). The roughness of the PET film is found to be
60x smoother than the SBS paperboard, although only the first printed layer showed slight
difference in sheet resistance that can be attributed to the substrate roughness, yet no difference
was observed on the ink film roughness that impacts the resistivity. The effect on ink film
roughness in screen printing was found dictated by the roughness of screen plate mesh wire, which
was quantified for the first time. The lowest sheet resistance has been found 5.5 Ω/□ on PET and
6.6 Ω/□ on SBS paperboard when two layer of Ni ink were printed. The electrical properties of the
printed layers were in the same order of magnitude, confirming compatible electrical performance
between the substrates. The highest ink film thickness of 32 µm has been found on the PET film,
while the lowest thickness of 20 µm was on SBS paperboard. Higher ink film thickness means
more ink usage during production that adds to the cost of electronic fabrication.
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CHAPTER IV
THE EFFECT OF CURING PARAMETERS ON ELECTRICAL
PERFORMANCE OF NICKEL INK

4.1. Abstract
Traditional printing technologies and conductive/functional inks have been integrated to
print electronic devices and circuits on really thin, lightweight and flexible materials in a time and
cost-effective manner. Printing is an additive manufacturing technology, which selectively
deposits materials only where needed to produce a wide range of devices including sensors, smart
packaging, solar panels, batteries, light sources and wearable electronics. Therefore, it greatly
reduces the number of required steps for manufacturing as well as the amount of waste generated
relative to conventional electronic manufacturing. However; drying mechanism of conductive ink
differs from graphic printing. Metal and ceramic pigment particles require sintering process after
they are printed on substrates. High temperature applied during thermal heating for the sintering
processes can cause substrate deformation and leads to an uneven surface that triggers breaks and
shortages in the circuitry or changes in the functionality. In this research, optimum curing
conditions for nickel flake conductive inks for screen printing was studied. Photonic curing was
selected for the study as it can process ink films that require high temperature on substrates in
milliseconds. In the experimental, the process parameters kept constant, while the pulse length
durations were varied. The optimum curing condition is presented along with electrical response
of the Ni ink films.
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4.2. Introduction
Due to utilization of functional inks and advancements in technology, printing methods
have gathered big attention for the manufacturing of electronics with bendable, rollable,
stretchable and/or washable nature [1,2]. During the manufacturing process, once functional inks
are deposited on a substrate, they require curing or sintering steps to improve or bring out the
functionality. These post-processes decompose binders and additives that are used to keep
functional particles well dispersed and stabilized. Sintering establishes connectivity between
particles, therefore the printed ink film electrically conductive. The neck forming phenomenon
takes place during the process, causing pigment particles to bridge [3,4]. This phenomenon impacts
structure properties and performance of the functional layer. Connectivity between particles can
be accomplished by means of one or multiple processes; drying, curing, sintering, reactive
chemistry transformations and annealing. Curing includes heating to volatilize ink vehicle
components. This allows the particles to contact each other [5]. Sintering, on the other hand, is the
process that induces growth in the particle grain, while decomposing resins that come in between
the particles. Sintering procedures require adjustments depending on the chemical composition,
particle size and shape, particle size distribution and degree of agglomeration of the functional
layer. Varying sintering parameters, such as sintering temperature, processing time, or the
atmosphere (ambient vs. inert), causes variation in the performance of the same material since it
effects the development of grain boundaries and specific surface area [6]. Thus, specific
optimization is needed to achieve the best functionality. Among the main types of sintering
methods (microwave, thermal, electrical, spark plasma, photonic and laser), photonic sintering can
be adapted to the roll-to-roll form since the processing happens in microseconds [7-10]. The
system uses a pulsed light from a flash lamp for the high temperature thermal processing of thin
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films using a xenon strobe on substrates [11]. Conventional thermal heating, such as hot plates or
convection ovens, requires long processing at high temperatures and times, ranging from minutes
to hours [7]. Film substrates such as PET, PEN, PI and PC (polyethylene terephthalate,
polyethylene naphthalate, polyimide and polycarbonate) may not be processed in a high
temperature environment for long periods of time, as heat can deform their physical structures.
However, photonic curing heats printed ink film in microseconds without deforming the substrate,
using an intense radiant energy to heat the functional particles. When the pulse of light is generated,
very high heat is applied on the surface of thin films. When the pulse is over, the thermal mass of
the substrate cools the heat via conduction [11]. Although the generated heat is beyond the
maximum working temperature of the substrates, the time is too short to observe significant
deformation of their dimensions or structure [9]. The mechanics of photonic curing is reported
having three transient curing conditions for optimum processing. The conditions presented in
Equations 1, 2 and 3, where 𝑥> and 𝑥? represent ink film and substrate thickness, respectively
(Figure 4-1); 𝜏> and 𝜏? represents thermal equilibration time of the film and the substrate,
respectively; and 𝑡A represents a short pulse of photonic light duration that heats the printed ink
film to a temperature of Tpeak [11].
𝑥> << 𝑥?

(1)

𝑡A << 𝜏?

(2)

𝜏> << 𝑡A

(3)

Thermal equilibration time (𝜏C ) of materials can be calculated using their thermal properties using
Equation 4, where K is the thermal conductivity, 𝜌 is the density, and 𝑐A is the specific heat
capacity and 𝑥 is the thickness of the material:
𝜏C = 𝑐AC 𝜌C 𝑥CD /4𝐾C
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(4)

Figure 4-1. Schematics of an ink film on a substrate
Previously, spin coated nickel nanoparticles on polyimide substrate have been reported to
be sintered by flash light [12]. The researchers used two types of nickel nanoparticles: with a
uniform diameter of about 50 nm and particles ranging from 5 nm to 500 nm. The samples were
dried on a hot plate at 150°C for 20 minutes before the flash light sintering. After the preheating
with 12500 mJ/cm2 and the main sintering with 17500 mJ/cm2, the volume resistivity of 7.6x10-7
Ωm was achieved. It was reported that nickel nanoparticles with varying diameters of 5 to 500 nm
were sintered successfully, while the uniform diameter of 50 nm particles could not be sintered
[12]. In this research, optimum curing condition of screen printed conductive nickel flakes on
paperboard and film substrates is reported. The three transient curing conditions for optimum
processing are estimated before the trials.

4.3. Experimental

4.3.1. Conductive pattern deposition
Ni ink (Metalon HPN-DEV 62% loading 79-89-66, nickel micron flake, NovaCentrix,
Austin, TX) was screen printed on PET film (polyethylene terephthalate, DuPont Melinex ST506,
Chester, VA) and SBS paperboard (solid bleached sulphate, International Paper C2S, 144-lb., 10
pt., Chicago, IL) manually. The conductive pattern was a square block with dimension 1.5 x 1.5
in square, printed using 165 threads per inch screen mesh. The substrates were weighed before and
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after the printing using Vibra CG electronic balance with a readability accuracy of 0.0001 g
(Shinko Denshi Co. Ltd.: Tokyo, Japan) to calculate the Ni weight. The thickness of the substrates
and ink films was measured with a Technidyne digital thickness gauge.

Figure 4-2. Screen printing of conductive pattern
4.3.2. Photonic curing procedure
A PulseForge® 1200 (NovaCentrix, Austin, TX) photonic curing device was used to
investigate optimum curing conditions for printed Ni ink films. A full factorial design was used to
explore the conditions by varying the pulse length (from 1 to 2.6 x 10-3 s (from 1000 to 2600 µs))
and curing mode options, while the voltage, web speed and overlap settings kept constant at 450
volts (V), 20 feet/minute (ft/min) and 2, respectively (Figure 4-3). Table 4-1 shows the lists of
factors and levels. The difference between the once through and fixed mode is that a sample receive
multiple pulse lights in once through mode, while a single pulse light at an exact location in the
fixed mode. SimPulseTM software was used to simulate the thermal profile of the curing condition.
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Figure 4-3. PulseForge® photonic curing device
Table 4-1. Factors and levels of the experiment
Factors
Pulse length (µs)

Levels
11

Curing mode
Substrate

2
2

Values
0, 1000, 1100, 1200, 1300, 1400,
1500, 1600, 1700, 2000, 2600
Once through, fixed
PET film, SBS paper

Replicates
3
3
3

4.3.3. Electrical characterization of printed nickel ink film
A Keithley 4-probe sourcemeter was used to measure sheet resistivity of the ink film
(ohms, Ω). The Haldor Topsøe geometrical factor method was used to calculate sheet resistance
(ohms per square, Ω/ ), based on the printed line width and length [13,14]. For the p-value
calculation, the confidence level was set to 0.05 (95%). The data were analyzed using on a Minitab
18.
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4.4. Results
The thickness of the ink film and substrates were measured to estimate the three transient
curing conditions that were needed for optimum processing requirements [11]. The thickness of
the substrate measured was 125.8 ±0.6 µm for the PET and 251.7 ±3.9 µm on the SBS paperboard.
The SBS board has a higher standard deviation due to porous structure of the paperboard that
contains open spaces, voids and pores in its structure [15]. The ink film thickness was measured
to be 52 µm on the PET, and 36 µm on the SBS. Ni ink weight was 0.1055 ±0.0176 g on the PET,
while it was 0.0929 ±0.0051 g on the SBS board. The weight difference was found 14% more on
the PET film. The higher ink film thickness on the PET was in compliance with the results in
Chapter 3. The assumption in the same chapter that of higher ink film thickness causing more ink
usage in was confirmed. The difference in the ink weight validated the difference in the ink film
thickness.
Table 4-2 shows the thermal properties of the materials that are listed in the SimPulseTM
software, where 𝑐A is the specific heat capacity, 𝜌 is the mass density, 𝑥 is the thickness of the
material, and K is the thermal conductivity. Table 4-3 shows the agreement between the Ni ink
film thickness, the thickness of the substrates and the peak processing temperature satisfying the
three-transient curing conditions.
Table 4-2. Thermal properties of materials listed in SimPulseTM software
Factors

𝑐C (W s/kg K)

𝜌C (kg/m3)

Ni on PET

440

8908

0.000052

90.9

2.9 x10-5

Ni on SBS

440

8908

0.000036

90.9

1.4 x10-5

PET

729.9

1370

0.000125

0.24

1.6 x10-2

SBS

1400

900

0.000250

0.05

3.9 x10-1

𝑥C (m)
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𝐾C (W/m K)

𝜏C = 𝑐C 𝜌C 𝑥CD /4𝐾C

Table 4-3. The three-transient curing conditions
Factors

Ni on PET

Ni on SBS

xf << xs

52 µm << 125 µm

36 µm << 250 µm

tp << 𝜏s

1 to 1.6 x10-3 s << 1.6 x10-2

1 to 1.6 x10-3 s << 3.9 x10-2

𝜏f << tp

2.9 x10-5 << 1 to 2.6 x10-3 s

1.4 x10-5 << 1 to 2.6 x10-3 s

After sintering, the lowest sheet resistivity was 3 Ω/

on SBS paperboard resulted at 1700

µs with the once through mode (Figure 4-4) for the paperboard, therefore this curing condition was
selected to use during the ink formulation trials in Chapter V. The ink film was damaged due to
burning binder component in the ink film at 2600 µs (Figure 4-5). At the pulse length of 2000 µs,
few of the Ni particles got unbounded.

Sheet resistivity (Ω/□)

100

10

once through

1

fixed

0

1000 1100 1200 1300 1400 1500 1600 1700 2000 2600
Pulse length (µs)

Figure 4-4. Sheet resistance on the paperboard: once through versus fixed mode

(a)

(b)
Figure 4-5. (a) Damaged Ni ink film at 2600 µs of pulse length,
(b) unbounded Ni particles at 2000 µs pulselength
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The regression analysis in Table 4-4 indicates that the pulse length and the interaction
between the pulse length and curing mode have a significant effect on the sheet resistance.
Table 4-4. Multilevel factorial design analysis for SBS paperboard

The PET film had shrinking problems and moisture blistering at all the photonic curing
conditions and was not assessed at further conditions. The problems were caused increase in the
sheet resistivity (Figure 4-6, Figure 4-7).

Sheet resistivity (Ω/□)

1000

100

10
once through
fixed

1
0

1000 1200 1400
Pulse length (µs)

1600

Figure 4-6. Sheet resistance on PET film
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Figure 4-7. Moisture blistering on PET film
Working mechanism of photonic sintering relies on the thermal mass of substrates to cool the
printed functional ink layers via thermal conduction [11]. Further, the heating happens in such a
short interval of time, without heating the back side of the substrate to a high degree. If the
temperature on the back side of the substrate at the thermal equilibrium reaches above a critical
level (i.e. shrinkage temp.), that may compromise the substrate. To further analyze the problem,
the highest curing condition was applied on a bare PET substrate. Shrinking was not observed on
the substrate after curing when there is no Ni ink on the PET. When this condition was simulated
on the SimPulseTM software, the overall maximum temperature estimated was 57°C (Figure 4-8),
which is below the reported shrinkage temperature of 150°C for the PET [16]. The results suggest
that the interaction at the interface of Ni ink and PET would cause the shrinking problem.
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Figure 4-8. Thermal profile estimation of unprinted PET film
The thermal profiles in Figure 4-9 show that the short pulse of light heats the printed Ni
ink on PET to a very high temperature between 380 to 510°C. Meanwhile, the temperature of both
the top and the bottom of PET was raised above the shrinkage temperature of PET, thereby the
PET shrinks.
In the case of the SBS, short pulse of light heats the surface of printed Ni ink to a
temperature between ~500 to 650°C (Figure 4-10). The temperature on the back side of the SBS
only reaches to 225°C at the equilibrium, which is under the burning temperature (233°C).
Therefore, no deformation was observed on the SBS.
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1000 µm
Ni ink film
20 µm depth of PET
Thermal equilibrium >150C
Back side of the PET

(a)

1600 µm

Thermal equilibrium >150C

(b)
Figure 4-9. Thermal profile estimation of Ni ink on PET film
at 1000 and 1600 µs pulse lengths
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1000 µm
Ni ink film
20 µm depth of SBS
Thermal equilibrium <200C

Back side of the SBS

(a)

1600 µm

Thermal equilibrium
@225C

(b)
Figure 4-10. Thermal profile estimation of Ni ink on SBS paperboard
at 1000 and 1600 µs pulse lengths
The curing process conditions of 450 V, 800 µm pulse length at 1 overlap is suggested for
future references. The thermal profile of the condition is presented Figure 4-11, presenting the
processing temperature below the shrinkage temperature. The difference between keeping the
processing speed same at 20 ft/min or lowering it to down 5 ft/min is found to be insignificant
(Figure 4-12).
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Figure 4-11. Thermal profile of the suggested conditions: 450 V, 800 µs pulse length, 1 overlap

(a)

(b)
Figure 4-12. Thermal profile of (a) 5 ft/min, and (b) 20 ft/min
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4.5. Conclusions
The three transient curing conditions for optimum processing were calculated before the
trials. Optimum curing condition was studied for the screen-printed nickel flake ink PET film and
SBS substrates at four different pulse lengths. 1700 µs was found to give the lowest sheet resistivity
of 3 Ω/

for the SBS paperboard substrate. The PET film experienced moisture blistering and

shrinkage problem during trials. The cause for the shrinkage of the PET and the processing
conditions were analyzed using SimPulseTM simulation software. Although, the three-transient
curing conditions were met; estimating thermal equilibration time was found to be more critical in
maintaining the integrity of the substrates during photonic curing.
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CHAPTER V
DEVELOPMENT AND CHARACTERIZATION OF NANO NICKEL-BASED
CONDUCTIVE INKS FOR FLEXOGRAPHIC PRINTING
OF ELECTRONICS

5.1. Abstract
Functional inks are the primary materials to manufacture printed and flexible electronics
devices such as capacitors, temperature and humidity detectors, magnetic devices, optoelectronics
and photovoltaics. An alternative aqueous dispersion of nano nickel particles was formulated using
various polymers for the flexographic printing. Surface energy of the substrate and flexography
plate was characterized. The drawdown of the formulations was performed using a stainless-steel
bar film applicator and flexographic proofer, then sintered using a photonic curing system. The
results showed that the quality of print depends on the substrate type, binder type and pressure
settings between the plate and substrate. The electrical performance of printed thin films was found
depended on the binder type and the compatibility of binder to the substrate type.

5.2. Introduction
Creating electronic devices through printing science goes back to the early 2000s [1].
Thanks to functional inks, the possibility of manufacturing electronic devices with bendable,
rollable, stretchable and/or washable nature on thin, flexible and light-weight materials, such as
paper, plastic films and textiles by using functional inks (i.e. conductor, semi-conductor, insulator)
[2-4] is becoming to reality. The prospective market growth of these electronics in 11 years is
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nearly $77.3 billion [5]. The market is massive, yet the development and variety in the ink
formulation field are limited. Currently, silver, and gold inks are the most common conductive
inks being used by printed electronics (PE) device designers, but because of their high costs, lower
cost alternative materials are needed [2,6]. Copper inks are popular and have a price advantage,
but they are susceptible to corrosion and oxidation [7]. Even though there have been remarkable
advancements, there is still a need for new ink formulations [8,9], new product designs and
applications [10]. To advance the PE field, and innovate new products, alternative low cost
materials that can be readily scaled to meet the needs of large scale printing operations are needed
[6]. Nickel (Ni) is an abundant metal element on earth [11]. It is a metallic element that is
ferromagnetic at up to 358°C as well as highly conductive and has high resistance to oxidation and
corrosion.
Nanoparticles are widely used due to easy handling, controlled deposition, and the highresolution patterning attainable under ambient conditions when combined with various reduction
and/or sintering techniques [12]. Roll-to-roll flexo presses enable material and handling cost
reduction through the gains achieved through its high throughput efficiency that can be integrated
into making printed electronics applications. The flexo printing process has an advantage of being
able to deposit a broad range of functional materials on various substrates at feature sizes as low
as 6 microns [13]. By altering the amount of cells per inch and/or cell volume of anilox, the amount
of ink can be altered without changing the plate, hence the overall cost of making plates can be
reduced. Newer and thinner photopolymer plates also enable less processing time and can tolerate
substrate morphology variations [14]. Flexo printing has been studied by many researchers to print
conductive transparent grids, conductive patterns and traces, solar cells, transistor and
loudspeakers [13,15-38] using various functional pigments, but not Ni.
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In this research, an alternative conductive flexo ink that contains Ni spherical metal
nanoparticles is studied. Acrylic resins are very common in water-based flexo inks [39]; therefore,
various acrylic resin types were selected. In a previous research, flexo ink for printed electronics
application was examined using an ink extender base, poly(vinylidene fluoride-cohexafluoropropylene)

(PVDF-HFP),

carboxymethyl

cellulose/styrene-butadiene

rubber

(CMC/SBR) and polystyrene butadiene rubber (PSBR) as binders. PSBR was found providing
excellent printability. Two different styrene butadiene and polyvinyl alcohol binders were included
to the study. The effect of binders on the electrical performance of printed Ni ink was assessed by
the four-probe method.

5.2. Experimental

5.2.1. Ink formulation
40 nm Ni spherical particles were used in the formulation (US Research Nanomaterials,
Houston, TX). Particle size was measured using a Nicomp submicron particle size analyzer 370
with Nicomp 380 software at room temperature (PSS, Port Richey, FL). The intensity was kept
between 200-300 kHz. Multi-angle option fixed angle was 90 degree and laser wavelength was
632.8 nm. The Ni particles were mixed in a coconut oil (Nüco liquid premium, Chino Hills, CA)
to avoid settling problem during measurement. The refraction index of the oil was measured three
times and found to be 1.450 ±0.000. The viscosity of the oil was measured to be ~80 cP on an
AR2000 advanced dynamic stress rheometer using a concentric cylinder (TA Instrument, New
Castle, DE). Before the particle size measurement, Ni particles were sonicated (Sonics Vibra Cell,
model CV188, Newtown, CT) in the oil for 50 min, 1.5 h and 2h.
The vehicle was prepared using DI water, ammonia, isopropyl alcohol and oleic acid. The
pH of DI water was adjusted with 5% ammonia to 8-8.5. Oleic acid (Science Stuff, lab grade
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06499, Austin, TX) was added 1% of the Ni. The Ni powder particles were mixed based on 4 to 1
pigment to binder ratio by using various binders. The composition of ink formulation listed in
Table 5-1, and the binder properties listed in Table 5-2.
Table 5-1. Composition of ink formulations (in optimum ranges)
Trial #
Amount
Binder 1 (B1)
Binder 2 (B2)
Binder 3 (B3)
Binder 4 (B4)
Binder 5 (B5)
Binder 6 (B6)
Binder 7 (B7)
Nickel
Vehicle

1
%
15 - 30

2
%

3
%

4
%

5
%

6
%

7
%

15 - 30
15 - 30
15 - 30
15 - 30
15 - 30
30 - 55
55 - 15

30 - 55
55 - 15

30 - 55
55 - 15

30 - 55
55 - 15

30 - 55
55 - 15

30 - 55
55 - 15

15 - 30
30 - 55
55 - 15

Table 5-2. Binder properties
Properties

B1

B2

B3

B4

B5

B6

B7

Non-volatile
Mol. weight
Viscosity
pH
Acid value (NV)
Tg (°C)
Chemistry

36%
9200
3800
8.6
200
85
Acrylic

36%, 48%
11500, 900
600, 900
8.7, 8.0
141, 50
15, (-30)
Both acrylic
(two resin
combined at
50% ratio)

50%
<300
7.5
Styrene
butadiene

49.8%
8.5
Carboxylated
styrene
butadiene

34%
16000
5000
8.5
220
88
Acrylic

34%
8500
5500
8.4
215
85
Acrylic

20%
15000
8.5
Polyvinyl
alcohol

A 0.05 Bird type applicator was used for ink drawdowns. SBS paperboard (solid bleached
sulphate, International Paper C2S, 144-lb., 10 pt., Chicago, IL) was used as substrate. Ink #7 was
also printed on bleached paper (Duncote, 70gsm, Dunn paper, Port Huron, MI). After sintering,
1000 pli (pounds per linear inch) nip load was applied twice against the soft roll on a calendering
device. A Contour GT-KO vertical scanning interferometer (Bruker Corporation, Billerica, MA)
was used to analyze the thickness of ink film of the edge. A digital thickness gauge (Technidyne
New Albany, IN) was used to measure ink film thickness from the middle side of the drawdown.
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5.2.2. Flexographic printability
The ink formulation that provided the lowest sheet resistance was selected for the
printability analysis of Ni ink. A QD flatbed proofing press was used with a flexo head (Figure
5-1) (Harper, Charlotte, NC). A PE foam soft sticky tape was used to mount the plate on the plate
cylinder (Tesa tape, 52817, Sparta, MI). The anilox parameters were 200 cpi with a cell volume
of 14.0 bcm/in2 (21.7 cm3/m2=µm) (HC36041). 9lbs./in and 7 lbs./in springs were used during
printing.

Figure 5-1. Flexo head of the Harper QD flatbed proofing press
5.2.3. Photonic curing condition
A PulseForge® 1200 (NovaCentrix, Austin, TX) photonic curing device was used to cure
printed Ni ink films. The settings were 1700 µs pulse length, 450 V voltage, 20 ft/min web speed,
and 1 overlap.
5.2.4. Surface energy analysis
An FTA200 (First Ten Angstrom, Portsmouth, VA) video system and its software FTA32
were used to measure surface energy of the flexo plate using the Owens-Wendt method [40]. Test
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liquids were deionized water (DI) (ultra-filtered, density 1 g/cc, Fisher Scientific, Fair Lawn, NJ)
and diiodomethane (MI) (ReagentPlus 99%, density 3.325 g/cc, Sigma Aldrich, St. Louis, MO).
Surface tension of the test liquids and the ink #4 were measured using the same system.

5.3. Results
The SEM image of Ni powders is shown in Figure 5-2. The average particle size of the
powders was reported as 40 nm. The lab measurements in Table 5-3 suggests that some
agglomeration of Ni particles occurred due to the magnetic force and quantum size effect [41].
The smallest particle size was achieved at 90 min sonication time; therefore, the same time was
used to mixed ink components.

Figure 5-2. SEM image of Ni powder
Table 5-3. Measured particle size of Ni at different sonication times
Sonication time
Peak 1 (nm)
Peak 2 (nm)

50 min
71.0 ±25.5 (27.0%)
140.5 ±22.0 (73.0%)

90 min
51.2 ±1.0 (38.1%)
141.0 ±15.5 (61.9%)

120 min
96.3 ±18.6 (100.0%)
-

Figure 5-3 shows the drawdown result of acrylic ink #6. The B6 binder used in this
formulation had the lowest molecular weight in the group and exhibited failure of adhesion to the
substrate.
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Figure 5-3. Drawdown image of ink #6 with acrylic binder: failure of adhesion
Figure 5-4 shows the printed image of ink #7 that contains polyvinyl alcohol as a binder.
The printability of the ink was not ideal on the SBS paper board. To further understand the
problem, the ink was printed on the coated paper, where the electrical response of 0.4 kΩ was
achieved. After photonic sintering, the Ni particles were falling off from the substrate surface
(Figure 5-5).

Figure 5-4. Printability result of ink #7 with polyvinyl alcohol binder on SBS paperboard
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Figure 5-5. Printability result of ink #7 with polyvinyl alcohol binder on Duncote paper
before photonic sintering (top), after photonic sintering (bottom)
The ink drawdown trials were successful for the remaining binder types. Figure 5-6 shows
the sheet resistance of the Ni inks. The resistance gathered from the B1 and B5 binders were in the
range of MΩ (mega-ohm), while the ink with B2 binder was in the kΩ (kilo-ohm) range.
Calendering is applied in general to increase smoothness, reduce thickness and/or increase gloss
characteristics of paper during paper making process. In this study, it was integrated for the
compression of printed ink film to decrease the sheet resistance by improving the connectedness
of the Ni particles. After calendering, the values decreased down to kΩ for B1 and B5, while the
values of B2 reached to the Ω level, enabling two orders of magnitude improvement in the
electrical performance. Binder B3 and B4 was provided the minimum resistivity. The overall
decrease after the calendering was 99.7% for B4 and 90.9% for B3. The cause for the dramatic
resistivity reduction is that the calendering removes voids between the particles in the ink
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composition and causes Ni particles to more densely pack and connect [42]. The calendered ink
film thickness was measured to calculate size independent bulk resistivity values. The results in
indicate that the bulk resistivity of ink formulations was decreased around two orders of a
magnitude by changing the binder from B1 to B4.

Figure 5-6. Sheet resistance of Ni ink based on the binder type
When the digital thickness gauge was used, the ink film thickness on the edge and the
thickness in the center was found to be different. This result clearly shows that when an ink
drawdown is made, the ink film thickness on the edge is less controlled, therefore interferometer
measurement would be misleading. It is important to collect the data from the center; otherwise,
this would further mislead the calculation for the volume resistivity study. The thickness difference
presented in Table 5-4 shows how it cause one orders of magnitude difference in volume resistivity
estimation.
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Table 5-4. Ink film thickness and bulk resistivity of Ni inks
Ink types
B2
B3
B4
Screen Ni ink [Chapter 3]
Inkjet Ni ink [43]
Ni element

Average thickness (µm)
Edge
Center
6.7 ±0.4
12 ±1
6.3 ±0.4
7 ±1
3.0 ±0.3
16 ±1
19.8 ±1.1

Bulk Resistivity (Ω.cm)
Edge
Center
-3
8 x 10
2 x 10-2
-3
3 x 10
3 x 10-3
5 x 10-4
3 x 10-3
3 x 10-4
2 to 5 x 10-5
6.99 x 10-8

Figure 5-7 shows the thermal profile simulation of Ni ink with the binder B2, B3, and B4
from the SimPulseTM software. The simulation was estimated a temperature above to the oxidation
temperature of Ni for the B2 ink [44]. For the B3, the estimated was above the melting temperature
of Ni [45]. However, the samples were found undamaged. This would be due to the instantaneous
curing that the time is too short to observe significant deformation in the dimension or structure
[46]. For the B4 ink, the estimated temperature was found to be in the sintering temperature range
reported for Ni [47].
Figure 5-8 shows the printability result from the flexo proofer of the ink with the B4 binder.
In the image analysis, the problem of viscous fingering or ribbing instabilities was observed. To
understand the wettability phenomenon, surface tension of the ink and surface energy of the
imaged area and non-imaged area on flexo plate were measured (Table 5-5).
Table 5-5. Surface energy of the flexo plate
Liquids
Image area
Non-image area
B4 ink

Surface energy (mN/m)
31.88
35.83
25.92
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Dispersive
31.70
25.32
0

Polar
0.18
10.50
25.92

(a)

(b)

(c)
Figure 5-7. Thermal profile estimation of Ni ink with the binder (a) B2, (b) B3, (B4)
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Figure 5-8. Printability of Ni ink with B4 binder (9 lbs./in spring used)
Figure 5-9 shows the contact angle of DI and MI on the plate. The energy of the imaged
area was found to be 31.88 mN/m, and non-imaged area was found to be 35.83 mN/m. The tension
of the ink was found to be 26.92 ±1.03 mN/m. The greater value of surface energy of the imaged
area than the tension of the ink suggests that good wettability of ink on the image are of the plate
would be expected.
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Figure 5-9. Contact angle of DI and MI on flexo plate imaged area
Thereafter, it is found that similar printability problem was previously reported explaining
the cause being the instabilities during ink splitting at the nip point of the flexo plate and substrate
[48-50]. Previous research suggested to use different springs to adjust the pressure between the
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impression pressure between the plate and substrate [51]. Figure 5-10 shows the print result from
the trial that the 7 lbs./in spring was used (the only available spring smaller than 9 lbs./in in WMU
lab). The improvement was observed, but the problem was not overcome.
This particular problem might be overcome by employing Kodak’s Flexcel NX and DigiCap NX
patterning technologies which was announced to improve poor ink continuity by using the same
press, same ink, same anilox and the same substrate [52].

Figure 5-10. Printability of Ni ink with B4 binder (7 lbs./in spring used)
During the printing trials, it was observed that Ni ink had the tendency of holding on to the
magnetic parts of the doctor blade (Figure 5-11). Since the B7 ink formulation had excellent
printability (Figure 5-12), thereby can be used for applications where the magnetism is needed,
such as magnetic field sensors, reed switches, magnetic position trackers [53,54].
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Figure 5-11. Doctor blade before printing (top),
Ni ink on the magnetic parts of the doctor blade during cleaning (bottom)

Figure 5-12. B7 ink formulation for magnetic ink applications
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5.4. Conclusion
Functional inks help manufacturing electronic devices by using traditional printing press
technologies. Due to printed electronics being an emerging technology, there are numerous efforts
to explore new functional inks as well as new device applications. Here, a Ni-based conductive
ink formulation has been studied by varying binder types. The print quality is found depended on
the substrate type, binder type and pressure settings between the plate and substrate. The electrical
performance of the printed ink is found depended on the binder type, and its compatibility to the
substrate. The lowest bulk resistivity is achieved using a carboxylated styrene butadiene binder.
The method of measuring ink film thickness level is found significantly affecting the calculations
of the electrical performance. Ink film thickness on the edges of an ink drawdown is found to be
significantly different when compared to its thickness at the center. This consequently affected the
volume resistivity estimation by one order of magnitude.
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CHAPTER VI
IMPROVING ACCURACY OF SURFACE FREE ENERGY ESTIMATION BY
GENERALIZING GOOD-GIRIFALCO METHOD

6.1. Abstract
The widely-used Owens-Wendt theoretical model makes use of a series of test liquids and
their contact angles on solids to estimate surface free energy of solids. Using different liquids and
surface tension values, the model generates significantly different surface free energies for the
same substrate, depending in the choice of the test liquids. A general thermodynamic inequality
relating the 3 interfacial tensions in a 3-phase equilibrium system exists in the literature. OwensWendt seldom conforms when the inequality is applied. In this study, an interpretation of solid
surfaces generated based on physical considerations and the laws of thermodynamics is presented,
then compared to the Owens-Wendt method. In addition, the effect of measuring real-time surface
tensions of liquids in the lab and adopting theoretical values from the literature on surface free
energy were investigated. The effect of pairing test liquids in different combinations was also
explored based on the Owens-Wendt and AMF (Altay Ma Fleming) methods through surface
treatment experiments of polyethylene terephthalate film using atomic oxygen. It was found that
the surface tension of test liquids was significantly different than their literature values. Pairing
test liquids differently causes significant differences in estimating surface free energy. The AMF
method was found to satisfy the thermodynamic inequality, while the Owens-Wendt violates it at
each surface treatment levels.
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6.2. Introduction
Estimating surface free energy (SFE) of solids is great interest in many fields, including
surface chemistry [1], coatings [2], paper, ink and printing [3,4], adhesives, printed and flexible
electronics [3,5,6], biomaterials [7,8], oil recovery [9], medical engineering [10] among others,
where wettability, solubility, surface contamination, adsorption, absorptivity, poor adhesion or
bonding needs to be well understood [11-13]. There are numerous theoretical semi-empirical
models for the SFE estimation, such as Fowkes [14-16], Owens-Wendt [17], van Oss et al. [18],
Fox [19,20], Neumann et al. [21-23], Wu [24,25], Zisman [26], and Schultz [27]. The most
frequently used one is the Owens-Wendt method [17,28-40], where at least surface tensions of two
liquids with known dispersive and polar components and their contact angle on a solid are needed
for estimation [41]. Typical surface tension and contact angle measurement techniques are listed
in Table 6-1.
Table 6-1. Surface tension and contact angle measurement techniques
Surface tension, Static method
Pendant drop method
Wilhelmy plate method
Ring/Du-Noüy method
Spinning drop method

Surface tension, Dynamic methods
Bubble pressure method
Drop volume/weight method
Falling curtain (Mach angle)

Contact angle, Static methods
Sessile drop
Wilhelmy method
Washburn method
Spinning drop method

Several research papers demonstrated using surface tension of test liquids including water
[28-39]; diiodomethane [28-30,32-35,37,38]; thiodiglycol [29]; ethylene glycol [29-31,35,36,38];
formamide [31,39]; propylene glycol [31]; aminoethanol [36]; glycerol [36,39,42]; 2-ethanol
amine [39] and hexadecane [39] and dimethyl sulfoxide [42], to name a few. These researchers
used SFE estimation methods independently as presented by Owens-Wendt [17], Kaelble [40] and
Rabel [43], with parameters from Fowkes [14-17], and Oss et al. [18]. The Owens-Wendt method,
widely-used in research, [28-40] requires the surface tension of two known liquids, along with
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their dispersive-polar distribution and a contact angle of each liquid on a solid surface to estimate
the SFE [17]. Most researchers used the literature surface tension of test liquids [28-37,39,44],
while others conducted measurements in laboratory prior to the estimation [45], where the surface
tension of liquids slightly differ from the literature values.
Using different sources for the surface tension of liquids can cause estimating significantly
altered SFE values for the same solid material. Recently, researchers demonstrated how various
theoretical equations and test liquids cause different SFE results [42]. Here in this study we
investigated (i) the effect of using surface tension values that were adapted from the literature
relative to the values that were measured in lab in real-time at ambient conditions on SFE
estimation, (ii) what happens to SFE when test liquids were paired differently when used OwensWendt (OW) method and (iii) which result, if any significant difference exists, to believe? Then,
the AFM (Altay Ma Fleming) method was used to eliminate the SFE variation since the method
has thermodynamic inequalities relating interfacial tensions in any three-phase system of
Antonow’s [45-47]. The empirical demonstration and statistical analysis are presented through the
surface treatment of polyethylene terephthalate (PET) film using the UV+O (atomic oxygen)
cleaning method, but was not limited to, for the determination of accurate SFE value for a given
solid surface.
The application here is presented through a surface modification of polyethylene
terephthalate (PET) film, but is not limited to this case, in determining the accurate SFE value for
a given solid surface.
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6.3. Theory
The core principle for measuring SFE by contact angle was first described by Thomas
Young in 1805 [48,49] as in Eq.1. The contact angle of a liquid on an ideal solid surface is defined
by the mechanical equilibrium of a drop under the presence of three interfacial tensions. The
Young-Dupré equation from the interfacial tensions is as follows:
𝛾HI = 𝛾HJ + 𝛾JI 𝑐𝑜𝑠𝜃

(1),

where 𝛾HI is the solid-vapor interfacial energy; 𝛾HJ is the solid-liquid interfacial energy; 𝛾JI is the
liquid-vapor energy, and 𝜃 is the contact angle between the tangent lines along liquid-vapor and
solid-liquid interfaces of the liquid drop.

Figure 6-1. Schematics of 3 interfacial tensions in a 3-phase equilibrium system
This is rigorous for a liquid, solid and vapor in equilibrium because it is a force balance. It
can also be considered as an energy balance because a tension of force per unit length is equivalent
to an energy per unit area [50]. Numerous theoretical methods of estimating surface energies of
crystalline solids have been reported [51-56]. These results have been difficult to verify
experimentally [50]. All but Land and Kohn [56] were hypothetically for 0°K, even though
quantum effects including zero point energy must be included even for heavy atoms. None of them
include surface rearrangement to reduce the surface energy. Atomistic simulations have shown
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that surface rearrangements, whose contribution is always negative, can reduce the surface energy
by a factor of 2! [57].
Cahn [58] has shown that perfect wetting, i.e. 𝜃 = 0 in equation 1, occurs if and only if the
wetting liquid is near a fluid-fluid critical point (liquid-vapor or liquid-liquid). This is resulting
from an inequality proposed by Widom [59] and confirmed by Cahn [58]. Consider any
thermodynamic 3 phase system, which we label by 1, 2, and 3. Then we have:
𝛾CK ≤ 𝛾CL + 𝛾KL

(2)

where i, j and k run through the values 1, 2 and 3, such that the interfacial tensions between all
pairs of phases are included. Generally, there will be 3 such inequalities for any 3-phase system.
The phases may be liquid-vapor-solid, liquid-liquid-solid, liquid-liquid-vapor or 3 liquids. The
most stringent application of the inequality is when 𝛾CK is the largest of the 3 interfacial tensions,
where the largest interfacial tension cannot exceed the sum of the other two. This shows why 3phase systems were found to be most effective for oil recovery systems containing surfactants,
where oil-water interfacial tensions were bounded by the sum of 2 ultralow water-microemulsion
and oil-microemulsion interfacial tensions [9,60].
The critical wetting occurs when 2 of the 3 phases become critical in the presence of the
third. This is called a critical end point [9,59]. For example, if we assume that 𝛾DM is the largest
interfacial tension, 𝛾ND is the lowest interfacial tension and 𝛾NM is intermediate between the other
2. We assume that phases 1 and 2 are near their critical point, so 𝛾ND vanishes at the critical point.
The generally accepted scaling relation for the surface tension between the 2 near critical phases
is of the form [9,59,61]:
𝛾ND = 𝛾O 𝜖 Q
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(3),

where 𝜖 = |1 −

T
TU

|, T is the temperature, Tc is the critical temperature, 𝛾O a scale factor of

dimensions of interfacial tension dependent on details of the system and µ is a universal critical
exponent very close to 1.25 [9,59,61,62]. From inequality 2, we have
𝛾DM ≤ 𝛾NM + 𝛾ND

(4).

0 ≤ 𝛾DM − 𝛾NM ≤ 𝛾ND

(5).

Equivalently, we have

But 𝛾ND goes to zero at the critical temperature according to Equation 3. But Cahn [58] has argued
that 𝛾DM − 𝛾NM must approach zero more slowly than 𝛾ND , because phase 3 has no critical
fluctuations causing those 2 interfacial tensions to approach one another rapidly. Cahn has argued
that this approach should be the same as the coexisting concentrations
C2 – C1 = C0𝜖 V

(6),

where the universal critical exponent 𝛽 is very close to .325. Rowlinson and Widom [63] have
suggested that Equation 6 may be correct, but that 𝛾DM − 𝛾NM can approach zero no faster than the
first power of 𝜖. In either case, at some temperature close to the critical temperature, the 2 curves
must cross. If that were to continue Inequality 4 and hence 2 would be violated. The transition at
the crossing temperature is called the Cahn [58] transition, where critical point wetting occurs. In
this case, the most wetting of near critical phases will insert itself over the non-critical phase and
inequality 5 becomes equality
𝛾DM = 𝛾NM + 𝛾ND

(7).

Equation 7 is the same as the rule proposed by Antonow [47] in 1907. The interpretation here is
that a thin film of phase 1 inserts itself as part of the 2-3 interface and its interfacial tension is the
sum of the other 2 interfacial tensions. This is generally true, since our arbitrary choice of labels
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of the phases explicitly assigned phase 1 to be the most wetting of the 3 phases, i.e. the one with
the lowest contact angle.
Liquid-vapor and liquid-liquid interfacial tensions can be directly measured by various
standard methods, such as capillary rise [64], the pendant drop method [65], the sessile drop
method [66], the spinning drop method [67] and the maximum bubble pressure method [68]. The
spinning drop method has proven to be very effective in measuring ultralow (~10-3 mN/m [9,60])
interfacial tensions. None of these methods are amenable to measuring solid vapor (or air) surface
energies (tensions), because of rigidity of the solid. However, some semi empirical methods for
solid energies have been developed.
Most analyses start with the Young-Dupré equation 1. However, this is 1 equation for 2
unknowns. So at least 1 additional equation is necessary. A huge step in this direction came with
publication of the Good-Girifalco [69] equation in 1957. The most general form of this equation
can be written in the notation of inequality 2 as
𝛾CK = 𝛾CL + 𝛾KL − 2ΦCK 𝛾CL 𝛾KL

(8),

where ΦCK is a dimensionless function of the thermodynamic state of the system. This equation
holds for all combinations of the 3 phases. The inequality 2 holds trivially as long as ΦCK is positive.
We show in the section 6.3 that ΦCK always exists and must also be less than 1. This results from
the observation that the 3 versions of Equation 8 are not independent. With equation 8, we now
have 4 equations in 5 unknowns, the bounds on the Φs enable us to obtain a lower bound on the
solid surface energy.
The next significant advance in surface energy estimation was made by Fowkes in 1964
[70]. Fowkes set ΦHJ = 1 and replaced the product of interfacial tensions inside the square root by
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X X
𝛾HI
𝛾JI , where the superscript d denotes the “dispersive” contribution to the respective interfacial

tensions. Fowkes estimated what he called the polar corrections to his assumption but proposed no
systematic method to handle them.
Owens and Wendt [17] generalized the Fowkes equation by including a contribution due
to polar forces. They assumed that;
A

𝛾CK = 𝛾CKX + 𝛾CK

(9),

where p denotes the polar contribution to the corresponding interfacial tension. Owens-Wendt
called the polar portion the “hydrogen bond” contribution, but pointed out polar liquids with no
hydrogen bond capability would behave similarly to those that do hydrogen bond. Note that
Equation 9 is a special case of Fowkes equation that neglects the polar contribution.
Owens and Wendt replaced the Good-Girifalco equation by:
𝛾CK = 𝛾CL + 𝛾KL − 2( 𝛾CL X 𝛾KL X + 𝛾CL A 𝛾KL AX )

(10).

At first it appears that Equation 10 is not consistent with Equation 8, which we argue is always
correct with ΦCK between 0 and 1. However, as pointed out by Marmur [71], Equation 10 reduces
to Equation 8, with:

ΦCK =

[\] ^ [_] ^ ` [\] a [_] a
[\] [_]

(11).

Clearly this ΦCK is positive and can be shown to be no greater than 1.
In 1964, Zisman [72] proposed that a plot of the cos𝜃 versus surface tension of a
homologous series of liquids falls on a straight line with an extrapolated intercept at cos𝜃 = 1.
Zisman called the intercept the “critical surface tension”, which he called 𝛾b . He noted in all cases
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that cos𝜃 is a monotonically decreasing function of surface tension. He considered the critical
surface tension to be purely empirical “parameter” that had no thermodynamic basis or relation to
an actual critical point. Recalling the discussion of the Cahn transition, we can now interpret 𝛾b as
the surface tension of a hypothetical (or real) liquid at critical wetting, where Antonow’s rule,
Equation 7, holds. Thus, 𝛾b is the surface tension at critical wetting. Of course, the solid surface
must have a thin film of the most wetting phase, usually the liquid, so that its surface energy in
that case isn’t what is of interest for wetting by nonvolatile, non-near critical liquids.
6.3.1. Proposed Method of Surface Energy Estimation
For the case shown in Figure 1, the Good Girifalco equation becomes:
𝛾HJ = 𝛾JI + 𝛾HI − 2ΦHJ 𝛾HI 𝛾JI

(12).

Combining with Equation 1, we obtain;
𝛾JI 1 + 𝑐𝑜𝑠𝜃 = 2ΦHJ 𝛾HI 𝛾JI

(13).

Using trigonometric identities, this can be solved for 𝛾HI ;
𝛾HI = 𝛾JI

e
f
f

bc? d
ghi

(14).

Thus, for a given liquid, setting ΦHJ =1, provides a lower bound on 𝛾HI . For multiple liquids, the
one with the largest lower bound is the nearest to being correct. The more test liquids that are used,
the more accurate the estimate will be. This value of ΦHJ is sufficient to satisfy inequality 2 for
𝛾HI and 𝛾HJ . However, the inequality for 𝛾JI is not satisfied in general. We show in the 6.3.2 that
the LV inequality is satisfied if and only if
ΦHJ D ≤ 𝑐𝑜𝑠 D
The equality corresponds to
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j
D

(15).

𝛾JI = 𝛾HI + 𝛾HJ

(16).

Physically, this would correspond to a thin film of the solid floating on the liquid, which makes no
sense physically. Thus, we require that 15 be satisfied as a strict inequality and choose an
appropriate ΦHJ D .
With this assumption, the limitations of this approach are no more than for the Owens-Wendt
method. Both assume nonvolatile liquids and solids and Owens-Wendt assumes no dissolution of
the solid substance into the liquid drop and no reaction of the liquid with the solid. The latter
assumption can be relaxed if we can isolate liquids in equilibrium with the solid [45]. It will be
convenient in our analyses to set
j

ΦHJ D = 𝛼𝑐𝑜𝑠 D

D

(17),

where 𝛼 is a positive coefficient less than 1. With this notation, Equation 14 becomes
𝛾HI = 𝛾JI

bc? f

e
f

l

(18).

In order to obtain an estimate of 𝛼, we examine Equation 27. In order to satisfy 27 within the
uncertainty of the measurements, we find the minimum value of 1- 𝛼 that satisfies 27 within the
uncertainty. Thus, we require
1−𝛼 ≥

n[ho `n[hi `n[io
D[ho

(19),

where Δ denotes the standard deviations of the corresponding quantities. The solution to this as
equality yields the maximum value of 𝛼 that can satisfy 27 within the uncertainty of measurement.
We evaluate this in the Proof in Section 3.3.2. We use Equation 33 to estimate the smallest value
of 𝛼 that satisfies Inequality 15 as an absolute inequality.
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6.3.2. Proof of 𝚽𝒊𝒋 ≤ 𝟏
Recall Equation 8. We can write this as 3 equations
𝛾ND = 𝛾NM + 𝛾DM − 2ΦND 𝛾NM 𝛾DM

(20),

𝛾DM = 𝛾ND + 𝛾NM − 2ΦDM 𝛾ND 𝛾NM

(21),

𝛾NM = 𝛾ND + 𝛾DM − 2ΦNM 𝛾ND 𝛾DM

(22).

If we add Equations 20 and 21 and rearrange, we obtain
𝛾NM − ΦND 𝛾DM − ΦDM 𝛾ND = 0

(23),

with 2 similar equations for other pairs of indices. These amount to 3 linear homogeneous
equations for the 𝛾CK . Thus, the determinant of the matrix of coefficients must vanish. This yields
the equation
1 − ΦND D − ΦNM D − ΦDM D − 2ΦND ΦDM ΦNM = 0

(24).

From this it follows that each ΦCK ≤ 1.
6.3.3. Proof of Inequality 15
We can solve for 𝛾HJ by combining Equations 13 and 14,
[hi
[io

=1−

j
2𝑐𝑜𝑠 D
D

+

e
f
f

bc? d
ghi

(25).

To derive Inequality 15, we examine
[ho `[hi u[io
[io

=2

e
f
f

bc? d
ghi

− 2𝑐𝑜𝑠 D

j
D

e

=

f
f
j bc? f ughi
2𝑐𝑜𝑠 D (
)
f
D
ghi
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(26).

Equation 2 requires the left hand side of Equation 26 to be positive, which yields inequality 15.
Using the definition of 𝛼, Equation 26 becomes
𝛾HI + 𝛾HJ − 𝛾JI = 2(1 − 𝛼)𝛾HI

(27).

6.3.4. Estimation of 𝛂
The measured quantities are 𝛾JI and 𝜃. Thus, we find the first order variation of Equation
18 in terms of Δ𝛾JI and Δ𝜃.
To obtain this, we differentiate Equation 18 with respect to 𝛾JI and 𝜃. Thus, we estimate
Δ𝛾HI ≅

x[ho
x[io

Δ𝛾JI +

x[ho
xj

Δ𝜃

(28).

Δ𝜃

(29),

Performing the differentiation, we obtain
Δ𝛾HI ≅ 𝛾HI

n[io
[io

+

[io ?Cyj
Dl

Where we have taken the absolute value of the derivative with respect to 𝜃 to assure both terms
are positive.
From Equation 25
[hi
[io

j

bc? f

D

l

= 1 − 2𝑐𝑜𝑠 D +

e
f

N

j

j

l

D

D

= [ 1 − 𝛼 𝑐𝑜𝑠 D + 𝛼𝑠𝑖𝑛D ]

(30)

Differentiating,
Δ𝛾HJ =

n[io
l

j

j

[io

D

D

Dl

[ 1 − 𝛼 𝑐𝑜𝑠 D + 𝛼𝑠𝑖𝑛D ] +

1 − 2𝛼 𝑠𝑖𝑛𝜃Δ𝜃

(31)

Thus, inequality 19 becomes
n[io

1−𝛼 ≥

[io

N
Dbc? f

e
f

− 1−𝛼

2 + 𝑐𝑜𝑠 D
1+
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j

+ 𝑠𝑖𝑛𝜃Δ𝜃

D
j n[io
𝑠𝑖𝑛D
D [io

+ 𝑠𝑖𝑛𝜃Δ𝜃

(32)

We note that the coefficient 1 − 𝛼 on the right-hand side of Equation 32 is negative. Hence if
we set
1−𝛼 =

N
Dbc? f

e
f

n[io
[io

2 + 𝑐𝑜𝑠 D

j
D

+ 𝑠𝑖𝑛𝜃Δ𝜃

(33),

then Equation 32 is satisfied as an absolute inequality, valid within the uncertainty of the
measurements of 𝛾JI and 𝜃.

6.4. Experimental

6.4.1. Surface tension measurement
An FTA200 (First Ten Angstrom; Portsmouth, VA) video system and its software FTA32
were used to measure surface tension of deionized water (DI) (ultra-filtered, density 1 g/cc; Fisher
Scientific, Fair Lawn, NJ), diiodomethane (MI) (ReagentPlus 99%, density 3.325 g/cc; Sigma
Aldrich, St. Louis, MO) and hexadecane (HE) (ReagentPlus 99%, density 0.77 g/cc; Sigma Aldrich,
St. Louis, MO). The liquids for the experiment were newly purchased. The surface tension analysis
type was pendant drop. The system was calibrated before running the experiments. The camera
frame rate was 60.9 per second. A 10-mL syringe (BD Luer Lok. Becton Dickinson, Franklin
Lakes, NJ), with a 0.9 mm needle tip (JG20-1.0. Jensen Global, Santa Barbara, CA) was used to
dispense the hanging liquid drop under ambient conditions.
6.4.2. Contact angle measurement
Melinex ST506 PET film substrate (DuPont, US) was selected for the experiment. The
FTA200 system was used for the contact angle measurements with a sessile drop profile method.
The system was calibrated before running the experiments. PET was cut into 0.5 x 6 in. pieces.
The surface was cleaned with isopropyl alcohol (IPA) (Fisher Scientific, Fair Lawn, NJ) and
surface characteristics were varied by ultraviolet/ozone radiation (UVO) (144AX UVO cleaner,
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Jelight, Irvine, CA) for 1, 3, and 6 minutes to evaluate the treatment effect on the SFE. The PET
was taped onto the device holder with a double-sided tape. A 10-mL syringe (BD Luer Lok. Becton
Dickinson, Franklin Lakes, NJ) with a 0.9 mm needle tip (JG20-1.0. Jensen Global, Santa
Barbara, CA) was used to dispense the liquid drops on the substrates under ambient conditions.
6.4.3. Owens-Wendt method of surface free energy estimation
Three contact angles were measured and averaged for each surface and liquid. The test
liquids were paired as DI/MI, MI/HE and DI/HE. Total SFE values were reported along with
dispersive and polar components [17].
6.4.4. Generalized Good-Girifalco method (aka AMF) of surface free energy estimation
To determine the best surface energy value from the correct liquid pair, α was calculated
according to Equation 33. Then, the highest estimated minimum surface energy and its value were
used to calculate more accurate α values for the other two test liquids.
6.4.5. p-value calculation
The hypotheses for the study were whether any of the differences between the means of
SFE estimated using different liquid pairs and different surface tension values are statistically
significant. The confidence level was set to 0.05 (95%). The data were analyzed using Student’s t
test analysis on a JMP 14 software.

6.5. Results
The shape of a liquid drop under equilibrium conditions is described by the Laplace-Young
equation [50,73]. The illustration of a hanging pendant drop is depicted in Figure 2 and was
analyzed by the Bashforth-Adams technique to solve the Laplace-Young equation using the
FTA32 software [74].
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Figure 6-2. Pendant drop surface tension analysis by the Bashforth-Adams method
Average surface tensions of the test liquids are presented in Table 6-2 along with standard
deviations, maximum and minimum values that were measured in lab and compared to the
theoretical values. The lab results were significantly different for DI and HE relative to the
theoretical values [29-38,40,45] (Figure 6-3, Appendix-Chapter 6-S1). The reasons would be (i)
the variation in the purity levels of chemicals, (ii) prolonged time periods of chemicals remain
stagnant in the lab, (iii) contamination, (iv) degradation of principle materials in the chemicals or
(e) temperature variations are among the main factors [75].
Table 6-2. Surface tension values measured in lab
Liquid
DI
MI
HE

Source
Lab measured 𝐱
Theoretical literature
Lab measured 𝐱
Theoretical literature
Lab measured 𝐱
Theoretical literature
𝑥 = 𝑚𝑒𝑎𝑛 𝑣𝑎𝑙𝑢𝑒

𝛄𝐭𝐨𝐭𝐚𝐥
(mN/m)
𝐋
71.36 ±0.87
72.80 [76]
48.03 ±0.60
48.05 [75]
21.30 ±0.26
27.50 [77]

𝐝𝐢𝐬𝐩𝐞𝐫𝐬𝐢𝐯𝐞

𝛄𝐋

(mN/m)
21.80
21.80
45.70
45.75
21.30
27.50

𝐩𝐨𝐥𝐚𝐫

𝛄𝐋

(mN/m)
49.56
51.00
2.33
2.30
0
0

Figure 6-3. Surface tension difference between the theory and lab results
151

Contact angle values, the inward angle between a base and a tangent at the point of contact
between a liquid and a surface [73], on PET substrate relative to treatment time, are presented in
Table 6-3. The measurements are often used to evaluate the effects of surface treatments,
wettability properties developed as part of fundamental research in surface science as well as for
industrial applications. The angle value corresponds to the SFE level in the equilibrium system
formed between the liquid and the solid on the condition that the surface is smooth, non-porous,
non-sorptive, and homogeneous [17,78]. The liquids with high surface tension resist wetting
substrates, therefore, it can be inferred from the results in Table 6-2 that the contact angle of DI
water would be the highest compared to MI and HE. As inferred, DI has the highest contact angle
overall followed by MI and HE. The UV+O cleaning was used for the surface treatment is a
photosensitized oxidation process that dissociates hydrocarbon contaminations such as skin oils
and solvent residues, by generating UV radiation at 184.9 and 253.7 nm. Hydrocarbons on
substrates absorb the atomic oxygen generated by the device and react to form volatile molecules,
such as ozone, that desorb from the surface and decay. The effect of UV+O treatment on contact
angle of DI was that at first slightly increased the angle at 1 minute and decreased at 3 minutes
(Table 6-3). However, the difference between the angles was not significant (Figure 6-4,
Appendix-Chapter 6-S2a). The highest wetting was achieved at 6 minutes, indicating the longer
treatment time is promoting polar sites on PET substrates by removing the hydrocarbons that
results in improved wettability. The polar portion of surface tension of DI/MI pair was increased
from 10.10 to 26.11 mN/m (Table 6-4).
The UV+O treatment first slightly increased the MI angle at 1 and 3 minutes of treatment
and decreased at 6 minutes (Table 6-3, Figure 6-4). The difference between the angles was found
significant for 0, 1 and 3 minutes of treatment, however the difference between 1 and 6 minutes
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was insignificant (Appendix-Chapter 6-S2b). Since the UV+O treatment is increasing polar sites
on PET, the highest wetting for MI was observed when there was no treatment.
Table 6-3. Contact angle of test liquids on PET substrate at different treatment times
DI
𝐱
Max.
Min.
MI
𝐱
Max.
Min.
HE
𝐱
Max.
Min.

0 min (°)
64.64 ±0.08
64.94
64.33

1 min (°)
66.82 ±0.10
66.95
66.40

3 min (°)
62.88 ±1.32
66.70
58.70

6 min (°)
42.74 ±1.21
45.20
38.44

22.12 ±0.32
22.97
21.52

24.43 ±0.28
25.17
23.84

27.87 ±0.13
28.11
27.48

25.58 ±0.16
26.02
25.2

9.50 ±0.63
10.57
8.15

5.88 ±0.73
7.92
4.59

2.56 ±0.65
4.43
1.24

3.04 ±0.51
4.61
2.12

80
DI
MI
HE

Contact angle (º)

70
60
50
40
30
20
10
0
0 min

1 min

3 min

6 min

Figure 6-4. Contact angle of DI on PET as a function of treatment time
Contact angle of HE decreased at 1 and 3 minutes of treatment and stayed the same at the
6 minutes relative to 3 minutes treatment time (Figure 6-4, Appendix-Chapter 6-S2c). Capturing
contact angle of HE was found very difficult during the experiments since it was wetting the
substrate very quickly compared to DI and MI, although lowering the dispensing speed was found
to considerably ease the image capturing.
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Table 6-4 show that when test liquids were paired in different combinations, significantly
different SFE values were obtained for the same substrate based on the OW method.
The highest SFE value was resulted when the MI/HE liquids were paired relative to DI/MI
or DI/HE pairs. The data show 45.75 mN/m SFE for untreated PET with the DI/MI liquid pair;
while it was 125 mN/m when MI/HE were paired. The energy value is again different with the
DI/HE pair: 34.85 mN/m. The same fact is true for all other PET samples. The SFE results using
lab values relative to the literature seem identical for DI/MI at 0 and 6 minutes and for DI/HE at 3
and 6 minutes, however are significantly different for all other combinations. The results clearly
show that selecting different known liquids for the SFE studies can result in irrelevant values and
can generate misperceptions on the part of researchers who may attribute causality to the wrong
source, thereby compromising troubleshooting. High variations in SFE for the same substrate
indicate that the OW calculation could be misleading to determine the right pair of test liquids that
possibly gives the correct SFE and the distribution of dispersive/polar components of a substrate.
The results also indicate that selecting test liquid pair for the SFE estimation is very critical in
determining accurate SFE values of solids. In Table 6-5, the p-value difference between the total
surface energy of lab measurements and the theoretical value can be seen.
In Table 6-6, the SFE estimated using the AMF method [45] are presented. The largest SFE
was obtained by DI at each treatment level. Based on the method, MI and HE were adjusted by the
α values to yield the same maximum surface energy value that satisfies the generalized Antonow’s
inequality (γSV+γSL-γLV>0). When the inequality applied to OW, all of the values showed violations
of the inequality at each treatment level (Table 6-7, Figure 6-5). Table 6-7 presents the adjusted
surface energy values. Table 6-8 shows the distribution of scaled dispersive-polar components
based on the OW.
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Table 6-4. Owens-Wendt surface energy of PET film based on
liquid pair and treatment time
Time
0 min

1 min

3 min

6 min

𝛄 (𝐦𝐍/𝐦)
Total
Dispersive
Polar
Total
Dispersive
Polar
Total
Dispersive
Polar
Total
Dispersive
Polar

DI / MI
47.60 ±0.26
37.50 ±0.17
10.10 ±0.10
46.38 ±0.25
37.24 ±0.17
9.14 ±0.10
47.04 ±1.66
34.96 ±0.86
12.08 ±2.52
57.51 ±1.89
31.39 ±0.46
26.11 ±2.34

Lab measured
MI / HE
120.97 ±0.91
21.01 ±0.07
99.97 ±0.81
114.77 ±0.90
21.17 ±0.06
93.61 ±0.88
106.30 ±0.53
21.27 ±0.03
85.04 ±0.51
111.60 ±0.66
21.25 ±0.03
90.35 ±0.66

DI / HE
38.64 ±0.24
21.01 ±0.08
17.43 ±0.22
37.33 ±0.21
21.17 ±0.07
16.15 ±0.15
40.04 ±2.73
21.27 ±0.03
18.78 ±2.71
54.52 ±2.33
21.26 ±0.03
33.26 ±2.31

DI / MI
48.07 ±0.27
37.24 ±0.17
10.83 ±0.11
46.81 ±0.26
36.98 ±0.17
9.83 ±0.10
47.58 ±1.75
34.72 ±0.85
12.86 ±2.60
58.49 ±1.95
31.19 ±0.45
27.30 ±2.40

Theoretical
MI / HE
80.10 ±0.61
27.13 ±0.10
52.97 ±0.53
75.50 ±0.62
27.34 ±0.09
48.16 ±0.55
69.47 ±0.37
27.46 ±0.04
42.01 ±0.33
73.16 ±0.50
27.45 ±0.04
45.70 ±0.46

DI / HE
42.14 ±0.24
27.12 ±0.10
15.02 ±0.15
40.97 ±0.22
27.33 ±0.09
13.64 ±0.14
43.53 ±2.55
27.46 ±0.04
16.07 ±2.52
57.15 ±2.22
27.45 ±0.04
29.70 ±2.19

Table 6-5. p-value difference between the total surface energy results: lab vs. literature
Liquids

0 min.

1 min.

3 min.

6 min.

DI / MI

0.0961

<0.0001*

<0.0001*

0.5672

MI / HE

<0.0001*

<0.0001*

<0.0001*

<0.0001*

DI / HE

<0.0001*

<0.0001*

0.1162

0.2292

Table 6-6. AMF method of surface energy estimates at different treatment times
Time
0 min
1 min
3 min
6 min

𝛼

Liquid
DI
MI
HE
DI
MI
HE
DI
MI
HE
DI
MI
HE

0.976
0.980
0.981
0.975
0.980
0.981
0.963
0.980
0.981
0.972
0.980
0.981
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γSV_AMF
52.22
47.22
(±0.66)
21.57
(±0.62)
50.99
(±0.27)
46.83
(±0.66)
21.66
(±0.61)
53.94
(±0.27)
46.17
(±1.10)
21.69
(±0.59)
63.69
(±0.27)
46.61
(±1.06)
21.69
(±0.60)
(±0.27)

10

AMF

γSV+γSL-γLV

5

OW

0
-5
-10
-15
-20
0 min

1 min

3 min

6 min

Figure 6-5. 𝜸𝒔𝒗 +𝜸𝒔𝒍 − 𝜸𝒍𝒗 on PET as a function of treatment time
Table 6-7. Comparison of satisfaction of inequality 2 for AMF and OW values
Treatment
time
0 min
1 min
3 min
6 min

Liquid
DI
MI
DI
MI
DI
MI
DI
MI

γSVAMF

𝛼

52.22
52.22
50.99
50.99
53.94
53.94
63.69
63.69

0.976
0.886
0.975
0.900
0.963
0.839
0.972
0.717

γsv+γsl-γlv

∆ γsv+γsl-γlv

AFM

AFM

2.51
11.91
2.51
10.21
3.98
17.38
3.62
36.04

1.22

Liquids
DI / MI
DI / MI
DI / MI
DI / MI
DI / MI
DI / MI
DI / MI
DI / MI

1.22
1.24
1.29

γSVOW
47.62
47.62
46.37
46.37
46.91
46.91
57.19
57.19

γsv+γsl-γlv

∆ γsv+γsl-γlv

OW

OW

-6.69
2.71
-6.71
0.98
-10.07
3.33
-9.40
23.02

5.98
6.11
6.41
7.65

Table 6-8. Polar and dispersive components of AMF method scaled using OW method
Substrate

γSV

γSVd

γSVp

0 min
1 min
3 min
6 min

52.22
50.99
53.94
63.69

41.16
41.00
40.19
35.08

11.06
9.98
13.75
28.61

6.6. Conclusion
The Owens-Wendt (OW) equation is a prominent method to calculate surface free energy
of solid surfaces [28,40]. Although there is not one way to conduct the experiments, most scientists
use various test liquids and their literature surface tension values [28,40]. It is empirically
demonstrated in this study that the measured surface tension values of test liquids are significantly
different than the literature values [28,45]. Pairing test liquids in various combinations is found to
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cause significantly different surface free energy values. The Altay Ma Fleming (AMF) method is
represented here as an alternative and it aligns with the generalized Antonow’s rule that for any
three-phase system (e.g. liquid-solid-vapor) the largest of three interfacial tensions cannot exceed
the sum of the other two [46,47]. AMF method is found for all treatment levels to satisfy the rule,
which is a general thermodynamic inequality relating the 3 interfacial tensions in a 3-phase
equilibrium system. However, all the OW estimation are showed to violate of the inequality at
each treatment level. The AFM method is found to provide a surface free energy value that is
independent of the preferred test liquids. It is important to note that AMF approach provides a
surface free energy value that is independent from the preferred test liquids. The method may
significantly contribute to process fundamentals where spreading, wetting, absorption and
adhesion [79] are present, in such areas as printing electronics, painting, lubricating, oil recovering.
This approach may also contribute to failure analysis and irrelevant troubleshooting that may result
in time and capital loss. In future work, the mathematical model for calculating dispersion and the
polar components of surface free energy will be discussed.
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CHAPTER VII
CONCLUSION AND FUTURE WORK
Printing technologies have the advantage of being additive, accurate, repeatable and highvolume methods to reproduce products in a short amount of time at high speeds. Therefore,
researchers from different fields have been investigating these technologies for the possibility to
produce fully printed or partially printed electronic devices on various substrates. Using
conductive (functional) inks and printing presses have made possible electronic fabrication, in a
way that could have never existed before by using conventional manufacturing methods. Roll-toroll or sheet-fed style substrate transportation mechanisms of printing have enabled fabrication of
thin, light weight, flexible and functional devices, and textiles. Electronics that can bend, roll or
stretch are being developed which have not only pioneered research activities in many fields to
advance material selections, but also have driven different types of applications in the fields of
manufacturing, aerospace, defense, education, health, and food industries, just to name a few.
In this research, the advancements in the printing field, the field of printed electronics and
its comparison to conventional electronic industry are elucidated. Although, there are variety of
functional materials in the semiconductor industry that use non-environmental etching processes
to manufacture electronic devices; those materials are yet to be implemented in the field of printed
electronics. Therefore, a literature review of functional pigments for printed electronics is
discussed and the usage of nickel has been proposed as an alternative to other more expensive
metals. The advantages of nickel and its place in the ink formulations for different printing
processes are reviewed.
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A prototype of thermoplastic based nickel conductive ink was printed on a PET film and a
SBS paperboard by using screen printing process. The performance of electrodes on paperboard is
found to be in the same order of magnitude and offered compatible electrical performance when
compared to that on the PET. During this study, the major contributor to the ink film roughness is
found to be the roughness of the screen printing plate, which has been quantified by using a noncontact 3D profilometer. The printed nickel electrodes on paperboard and film substrates are
characterized in this research [1], but also assessed as a resistance temperature detector on
polyimide and ceramic substrates [2,3]. In future studies, the nickel ink could be further explored
by printing a temperature or a humidity sensor on various paper and film substrates to investigate
the substrate effect on the detection sensitivity. Cellulose fibers that are used to make papers are
known to be hygroscopic in nature. If the atmosphere is damp, paper will absorb moisture; or if it
is dry, then paper will release moisture to the atmosphere until equilibration. This hygroscopic
nature would influence the sensors’ sensitivity, thereby a research strategy that assesses both
coated and uncoated substrates at variable thicknesses would be valuable to explore in the future.
The photonic curing system is studied to sinter printed nickel ink on the film and the paper
substrates. Drying mechanisms of conductive ink differs from graphic printing. Functional
particles may require sintering process after being printed on substrates. High temperature
requirement of some metal or ceramic pigments for the sintering processes can cause substrates,
that cannot handle high heat environment, to deform resulting in an uneven surface that triggers
breaks in the circuitry or changes in the functionality. To overcome such limitations, photonic
curing systems that can sinter functional layers to high temperatures in microseconds without
deforming substrates have been introduced to the printed electronics industry. Thereby, threetransient conditions of photonic curing are explained and thermal equilibration times are estimated
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for the experimental cases. The equilibration time is found to be more critical for the substrate
dimensional integrity [4]. In future studies, optimum sintering conditions and thermal equilibration
times of various substrates and functional ink formulations can be investigated by varying the
parameters of photonic curing such as curing mode, web speed, overlap amount, voltage, pulse
duration, number of pulses at standard pulse settings; or envelope duration, µ pulses, duty cycle
and high-low time levels at the shaped pulse settings.
Different ink formulations containing nano nickel particles were prepared by varying the
binder chemistry, and the effect on electrical properties were studied. The factors that are affecting
print quality are discussed. The difference in measuring ink film thickness of a drawdown on the
edge versus at the center and its effect on estimating electrical performance are presented. The
binder that provides the lowest volume resistivity is determined, and the binder with a good
printability is suggested for magnetic ink applications. The effect of various particle sizes, particle
shapes, pigment loadings and additive ingredients in formulation on the electrical and magnetic
performance of nickel could be studied in future.
Finally, the practices in research to estimate surface energies of solids is reviewed. The
significance of measuring surface tension of liquids in comparison to using their literature values;
and pairing test liquids in different combinations are empirically demonstrated. A thermodynamic
inequality from the literature for any three-phase system is presented. Then, the Owens-Wendt
method is assessed to determine its conformity with the inequality and found to violate it. The
Altay Ma Fleming (AMF) method is explained as an alternative, which aligns with the general
thermodynamic inequality [5,6]. In the future, the theory and assumptions in the literature for the
dispersive and polar components of liquids could be reevaluated, and the mathematical model for
calculating these components could be explored to advance the knowledge of material properties.
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